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ABSTRACT 
Five abandoned well sites were selected for study within the Boreal White and 
Black Spruce biogeoclimatic zone near Fort St. John and Dawson Creek, BC. 
Rehabilitative treatments consisted of tillage, wood chip mulch, tillage + wood 
chip mulch, tillage + incorporated wood chips, brush mats, and an untreated 
control. Treatments were implemented between fall 2003 and spring 2004, and 
sites were subsequently planted with alternating seedlings of lodgepole pine and 
white spruce. Response variables included various soil physical properties, the 
least limiting water range, nutrient availability, and seedling performance. 
Results indicated soils on control plots were in a potentially physically degraded 
state with respect to theoretical growth-limiting thresholds. Treatments involving 
tillage tended to improve soil physical condition one year after treatment. No 
treatment effects were observed related to measures of pine performance after 
two growing seasons; however, spruce height and vigour were moderately 
improved where treatments involved tillage. High rates of spruce seedling 
mortality and suspect over-winter injury (i.e., freeze desiccation) were observed. 
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1. INTRODUCTION 
Oil and gas development in northeastern British Columbia (BC) is currently a 
dominant factor in terms of both provincial revenue and regional landscape 
disturbance. Oil and gas development involves the clearing of lands for the 
construction of well sites, gas plants, pipeline rights-of-way (ROWs), roads, and 
seismic lines, and is often done on productive forestland. Soil productivity may be 
negatively affected on well sites by a number of processes that occur during well site 
construction, operation, and/or reclamation. These processes may contribute to 
decreased soil productivity, increased conifer seedling mortality, and reduced 
growth. The mixing of subsoils with surface soils and creation of areas with poor 
drainage may occur during site preparation and/or re-contouring (Hammermeister et 
al. 2003). Poor soil handling and topsoil (forest floor and A horizon) conservation 
practices may result in soils with decreased organic carbon and extensive areas of 
exposed subsoils. Soils are also subjected to compaction due to vehicular and 
equipment traffic/parking and also due to their proximity to drill rig and building 
foundations and/or platforms. Elevated bulk densities are often observed on 
reclaimed well sites following oilfield activity (Hammermeister et al. 2003). 
Competition for resources from grass and legume cover resulting from revegetation 
efforts may also inhibit conifer seedling establishment and growth. 
Following completion of activities related to oil and gas development in BC (i.e., 
subsequent to well abandonment), lands must be reclaimed according to the British 
Columbia Oil and Gas Commission Oil and Gas Handbook (Oil and Gas 
1 
Commission 2004) and the Agricultural Land Commission Act (ALCA) for lands 
outside of and within the Agricultural Land Reserve (ALR), respectively (Agricultural 
Land Commission 2002). The current reclamation criteria found in the Oil and Gas 
Handbook require the even re-distribution of topsoil, establishment of self-sustaining 
vegetation, addressing erosion concerns, and management of noxious weeds on a 
given site (Oil and Gas Commission 2004). Within the ALR, specific objectives 
regarding subsoil bulk density and soil horizon depth relative to undisturbed or pre-
site development conditions are set out. There are also admixing (mixing of mineral 
soils with topsoil) and coarse fragment limits provided. The ALCA also mandates 
that soil productivity must be restored to a state equal to or better than original 
conditions (i.e., restoration of land capability)(Agricultural Land Commission 2002). 
Reclamation objectives for oil and gas well sites typically do not include 
reforestation. Therefore, there is a need to quantify the impacts of this development 
on the ecological and economic sustainability of the region, including those to the 
allowable annual cut (AAC). Reforestation as a means to meeting reclamation 
objectives has recently been adopted in Alberta where disturbed lands from oil and 
gas development occur in forested settings (Alberta Sustainable Resource 
Development 2007). Related end land uses include forestry, wildlife habitat, forage 
production, and First Nations' uses. Reforestation may be considered in the future 
by industry and provincial regulators in British Columbia as an understanding of the 
effects of oil and gas development on forest resources and ecology evolves in BC. 
In order to assess the effectiveness of reforestation in meeting end land use 
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objectives, it is imperative to understand the impacts to soil productivity associated 
with oil and gas development. 
In the context of the forest industry across British Columbia, the definition of soil 
rehabilitation includes activities that aim to improve soil conditions for the purpose of 
establishing a forest on degraded sites (Bulmer 1998). These activities may play a 
potentially important role for meeting end land use objectives, particularly where 
challenges to soil productivity may limit reclamation success on well sites where 
objectives include reforestation. Soil reclamation tends to have a broader meaning 
and applicability across ecosystems and end land use objectives. The term soil 
rehabilitation is considered to more accurately depict the activities undertaken in this 
project for improving soil physical condition because they were applied within a 
forested setting with the intention of establishing a forest. 
This project evaluated the effects of various operationally practical rehabilitative 
techniques on soil properties on abandoned well sites and the subsequent success 
of reforestation efforts. The rehabilitative techniques employed have demonstrated 
their usefulness in the forest industry in related applications such as the 
rehabilitation of forest landings and deactivated roads. Given the lack of the 
mandate to plant trees as part of oil and gas reclamation efforts, limited information 
is available to evaluate long-term establishment of soil productivity and success of 
reforestation efforts following initial site reclamation. This research project will 
provide a framework to evaluate the effectiveness of reforestation efforts on well 
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sites where commercial forestry is considered an important end land use objective. 
It will also contribute to the growing amount of literature on the benefits of soil 
rehabilitation on degraded sites. 
The objectives of this research were to evaluate the influence of selected soil 
rehabilitation treatments on soil chemical and physical properties and to assess the 
early response of planted conifer seedlings. In addition, the relationships between 
seedling response measures and observed soil chemical and physical properties 
were evaluated. Specific hypotheses tested are outlined in Section 3. Secondary 
objectives included evaluating the practicality and usefulness of various instruments 
for measuring soil physical properties. 
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2. LITERATURE REVIEW 
2.1. Soil Physical Properties 
Soil-air-water-plant relationships are variable and complex. Investigations into soil 
productivity and rehabilitative techniques often involve the challenge of isolating and 
measuring indicators of soil productivity that account for many growth-limiting 
processes or factors (Glinski and Lipiec 1990, Zou et al. 2000). The complex 
relationships between soil physical properties and plant growth are the result of soil 
water, air, temperature, and strength being subject to influence by texture, structure, 
bulk density, and pore size distribution (Glinski and Lipiec 1990, Zou et al. 2000). 
These relationships need to be better understood on a site- or soil-specific basis to 
fully appreciate their implications for soil productivity (Bulmer 1998). 
The following sections discuss the soil physical properties considered to be 
important for root and plant development and briefly explore the relationships 
between these properties and various processes. 
2.1.1. Soil Strength 
Soil strength is the ability of a given soil to withstand applied force without failing in 
manners including plastic flow, shear, rupture, and/or fragmentation. Measures of 
soil strength include shear strength, tensile strength, and modulus of rupture. 
Penetration resistance, or soil mechanical resistance (SMR), is considered to be an 
indirect, but strongly related, measure of soil strength that can be easily measured in 
situ (Hillel 1998) and provides a quick and inexpensive method for assessing the 
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variability of soil strength across a landscape (Hartge 1985). Soil mechanical 
resistance has also been negatively correlated with measures of root and plant 
performance (Eavis 1972, Callebaut 1995). 
Root growth and propagation are directly related to the physical ability of the root to 
penetrate a given soil, and to a lesser degree the soil matric potential (Greacen 
1972). High soil strength can restrict root elongation and development (Clark et al. 
2003). Soil strength thresholds of 2,500 kPa and greater for root growth restriction 
have been estimated for various soil types based on a survey of several studies 
(Bulmer 1998). There are many factors or soil conditions that influence soil strength, 
some of which are described below. 
2.1.1.1. Soil Moisture Content 
As a soil dries, its strength increases due to a loss in the lubricating effect that higher 
moisture contents provide (Hillel 1998, Zou et al. 2000). Research conducted at 
locations across the interior of British Columbia indicates soil strength is typically 
lower in the spring when compared to soil strengths measured later in the summer 
when soils are typically drier (Bulmer and Krzic 2003, Bulmer et al. 2007). 
Depending on soil type and bulk density, soil moisture content has varied effects on 
soil strength. A clay loam was found to decrease its soil strength by 12 to 20 times 
(for soil bulk densities of 1.15 g/cm3 and 1.50 g/cm3, respectively) between 
volumetric moisture contents of 24 and 47% (Mapfumo and Chanasyk 1998). The 
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study identified that the relationship between soil strength, bulk density, and 
moisture content was dependent on the texture of the three soils assessed. 
2.1.1.2. Bulk Density and Compaction 
Bulk density is positively correlated with soil strength and inversely related to 
porosity (Brady and Weil 1996). Root growth becomes impaired at or above a bulk 
density of approximately 1.4 to 1.6 g/cm3 depending on soil texture (Brady and Weil 
1996, Bulmer and Krzic 2003). Zou et al. (2000) demonstrated that the higher the 
bulk density of a soil, the quicker the rate of strength increase during drying. 
Compaction occurs in a soil under conditions of strain. A reduction in air-filled 
porosity (AFP) and subsequent increase in bulk density occurs during compaction. 
The relationship between compactive effort, bulk density, and soil moisture content 
has been explored in the field of engineering through the use of the Proctor test. In 
general terms, the relationship can be summarized in that a soil's resultant bulk 
density following a compactive force, or its compactibility, is dependent on its 
moisture content. As moisture content increases in a dry soil, the compactibility of 
the soil increases until it approaches an "optimal moisture", at which bulk density 
begins to decrease with further increases in moisture content under the same strain 
(Hillel 1998). This property of soils has important implications in that a maximum 
compaction or bulk density is often required in engineering related projects. The 
dependence on moisture status of a soil's susceptibility to compaction also has 
implications to the timing of forestry- and agriculture-related activities where a range 
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of moisture contents may be observed (McNabb et al. 2001). In addition to 
moisture, soil texture and organic carbon content also strongly influence a soil's 
compactibility (Smith et al. 1997). 
The maximum density obtained during a Proctor test, or following subjecting a soil to 
a standard compactive effort (i.e., 200 kPa uniaxial compression test), can be 
considered a reference bulk density. The term relative bulk density (RBD) is the 
bulk density of a soil in relation to that reference or maximum attainable bulk density. 
Use of the degree of compactness or relative bulk density values has been shown to 
largely eliminate the effects of soil texture when determining optimal soil bulk density 
values for plant growth (Krzic et al. 2002). Threshold relative bulk density values 
where root growth becomes restricted have been estimated to range from 
approximately 80% to 90% depending on the plant species being evaluated (Krzic et 
al. 2002). Another study on maximum bulk density found that a relative bulk density 
of greater than 100% as determined a uniaxial compression test resulted in a 
narrower range of moisture contents for which growth-limiting conditions related to 
aeration and soil strength were not encountered (Hakansson and Lipiec 2000). 
2.1.2. Soil Structure and Porosity 
Soil structure is a function of pore size distribution and is important for the storage 
and transmission of both water and soil gases (Oades 1984). Root and overall plant 
growth are related to soil structure through its influence on the movement of water 
and gas exchange in the soil matrix. These processes influence soil conditions 
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including root and microbial respiration, redox potential, and nutrient form and 
availability. Soil structure, and more importantly pore size distribution, influences the 
rate of gas exchange and water movement, drainage, retention, and availability. 
The threshold of AFP at which reduced gaseous diffusion rates begin to limit root 
respiration is estimated between 5% and 20% (Hillel 1998, Lipiec and Hakansson 
2000, Wall and Heiskanen 2003). Wall and Heiskannen (2003) found AFPs greater 
than 20% were responsible for increased root mass production in young Picea abies 
seedlings. 
Aeration porosity is the measured amount of air-filled pores following the rapid 
drainage of pores greater than 60 (am (i.e., those pores too large to hold water 
against gravitational forces) (Glinski and Lipiec 1990, Hillel 1998). Air pycnometers 
and mercury porosimeters are capable of assessing the aeration status of soils. 
Two of the processes that influence characteristics of the pore system of a soil are 
discussed briefly in the following sections. Soil water and its relation to soil structure 
and the importance of its availability will be discussed further in Section 3.2. 
2.1.2.1. Aggregation 
Soil aggregation is the basis for good soil structure and is dependent on a number of 
factors for the formation and stabilization of aggregates. Freeze-thaw and wetting-
drying cycles along with physical effects associated with root elongation and soil 
fauna help create aggregates. Their stabilization results from the presence of roots 
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and their exudates, hyphae, and humic substances (Tisdale and Oades 1982, Brady 
and Weil, 1996). The process of aggregation and its contribution to soil structure is 
of increased importance in fine textured soils where in the absence of aggregation, a 
decreased amount of macropores would be present. The formation of aggregates in 
fine soils is also dependent on the dominant cations present on the exchange 
complex. Where sodium dominates the exchange complex, soils may be in a 
dispersed condition and may suffer from poor soil structure. While drying, 
aggregated or well-structured soils may break into small aggregates whereas 
dispersed clays or poorly structured soil may not. Some of the larger aggregates in 
fine or clay soils may have free draining macropores associated with them (Hillel 
1998). This in turn promotes gas exchange and root respiration. 
Where disturbed lands have incomplete topsoil replacement or where there are 
exposed subsoils, a lack of aggregation and diversity in pore size distribution may 
lead to growth-limiting conditions. 
2.1.2.2. Compaction 
In addition to soil strength, the ability of a soil to permit gas exchange, particularly in 
compacted soils, has been identified as a major factor that influences root, and 
therefore plant growth (Brady and Weil 1996, Conlin and van den Driessche 2000, 
Wall and Heiskanen 2003). Compactive effort usually results in a collapse of soil 
structure, namely macro- and mesopores, and increased bulk density. By degrading 
soil structure, compaction increases bulk density and soil strength, decreases gas 
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exchange, and consequently adversely impacts root growth. Water retention is also 
directly influenced through changes in soil pore size distribution resulting from the 
collapse of larger pores during compaction (Glinski and Lipiec 1990). 
2.2. Water Availability 
Water availability can be growth-limiting. Moisture content can be measured in a 
number of ways in situ including through the use of time domain reflectometers (i.e., 
ThetaProbe) or electrical resistance blocks (gypsum or synthetic blocks). 
Gravimetric moisture content (g/g) is more often measured in the lab following the 
drying of a known mass of soil in an oven at 105°C and determining the subsequent 
weight loss. 
A water retention characteristic curve for a given soil can be determined using tempe 
cells or a pressure plate apparatus. The curve represents the relationship between 
matric potential and its corresponding moisture content for a given soil (Hillel 1998). 
Soil water potential at field capacity is approximately -10 kPa and is representative 
of the water tension in soil following draining of gravitational water. At a tension of 
1,500 kPa, water becomes unavailable to the majority of plants as it is held too 
tightly by soil particles and/or micropores. This is considered the permanent wilting 
point (PWP). Three properties of a soil that affect the availability of water in a given 
soil are discussed briefly below. 
11 
2.2.1. Soil Structure and Texture 
The abundance and connectivity of pores (related to saturated and unsaturated 
hydraulic conductivity) dictate the rate at which water moves in a soil and ultimately 
influences the soil moisture regime and aeration status. However, it is the pore size 
distribution that determines which water is available to plants and in what quantity. 
In coarse soils, water storage capacity tends to increase as grain size decreases 
due to increases in overall porosity. However, finer soils (i.e., clays) may hold less 
available water due to their higher wilting coefficients as a result of the ability of 
smaller pores to retain water at higher tensions (Brady and Weil 1996). 
2.2.2. Organic Matter 
Decreased organic matter content on reclaimed sites may result from poor soil 
handling techniques and lack of topsoil salvage procedures. Organic matter content 
can be estimated by determining sample weight loss following combustion ("loss on 
ignition") or by measuring organic carbon content and applying a multiplier (Tiessen 
and Moir1993). 
The water holding capacity of organic matter is greater than that of a similar mass of 
mineral soil; therefore, soils rich in organic matter tend to have higher water 
retention compared to those with low organic matter content. The ability of organic 
matter to improve soil water retention is not only due to its hydrophilic properties, but 
also its influence on soil structure through assisting in the process of aggregation. 
Studies have confirmed that despite the fact that organic soils retain water at higher 
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tensions, there tends to be an overall abundance of water available for plants (Brady 
and Weil 1996). 
2.3. Least Limiting Water Range 
Da Silva et al. (1994) introduced the term least limiting water range (LLWR) in a 
paper which examined the relationships between volumetric moisture content, matric 
potential, soil strength, and air-filled porosity across varied soil textures, and soil bulk 
densities to try to understand limitations to plant growth (da Silva and Kay 1997). 
The LLWR has been successfully applied in agricultural settings to describe the 
physical condition of a soil and to predict crop production (da Silva and Kay 1996, 
Lapen et al. 2004). The efficacy of the LLWR in predicting forest soil productivity is 
less well established; however, it shows some promise in that it integrates many soil 
physical properties considered important to commercial tree species (Zou et al. 
2000, Siegel-lseem et al. 2005). In a controlled raised bed experiment, compacted 
soils tended to exhibit decreased LLWR and an increase in pine seedling mortality; 
however, the LLWR was no better at describing seedling performance than SMR 
alone (Bulmer and Simpson 2005). It was thought that growth-limiting conditions in 
wet and compact soils in a field trial may be better described by the LLWR. 
2.4. Nutrient Availability 
Forests in western Canada are generally considered nitrogen- and phosphorus-
limited, and to a lesser degree may also be limited by sulphur or boron (Fisher and 
Binkley 2000). A wide range in total nutrient concentration (e.g., N, P, etc.) is 
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generally observable in forest soils when compared to that of available forms of a 
particular nutrient. The form of a particular nutrient dictates its mobility and 
distribution in soil, and ultimately its availability to plants. Soil N and P tend to be 
highly associated with soil organic matter; and therefore, are present in greater 
amounts in the forest floor and A horizon with concentrations decreasing with depth 
into subsoil. These shallow surface layers also tend to contain the greatest number 
and density of roots (Fisher and Binkley 2000). 
The transformation of nutrients (e.g., N, P, etc.) via mineralization determines their 
availability for uptake by plants. Given the intimate association of N and P with 
organic matter, microbial decomposition of soil organic matter is an important 
process in which nutrients are mineralized and made available to plants (Khanna 
and Ulrich, 1984). Mineralizable-N in soil, determined subsequent to anaerobic 
incubation, is an index of nitrogen availability, and given the association of N and P 
with organic matter, it is also considered to be a good indicator of soil productivity 
(Myrold 1986, Powers et al. 1998). 
Uptake of N and P by plants has been shown to be positively correlated with topsoil 
replacement depth on reclaimed well sites (Zvomuya et al. 2006). This reinforces 
the importance of topsoil replacement and good topsoil handling to avoid admixing. 
A study comparing lignic and alignic forest floors found greater eluviation and 
nominally less mineralizable N under lignic soils than alignic forest floors, but these 
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differences were only detected on drier sites and not on moist or wet sites. Base 
cation cycling was suspected to have reduced effects of acidification and nutrient 
loss (Kayahara et al. 1996). 
2.5. Competition from Grasses and Legumes 
Currently, typical reclamation activities on well sites in northeastern BC involve 
seeding of readily available reclamation seed mixtures generally comprised of 
domesticated grasses and legumes (BC Ministry of Forests Seed Mix Policy and 
Guidelines 2003). These plants are intended to control erosion, provide rapid visual 
green-up, and improve soil structure through organic matter inputs from roots and 
shoots; legumes present in the seedmix further have the ability to increase nitrogen 
in the soil profile through biological N fixation. However, if the objective is to 
establish trees as well, these herbaceous species (typically sown at high densities) 
can be expected to increase competition for available resources including water, 
light, and nutrients. 
2.6. Soil Rehabilitative Techniques 
Soil rehabilitation is a practice designed to restore productivity to degraded soils. 
Many studies related to the restoration of soil fertility have been undertaken in the 
field of agriculture and there is an accompanying wealth of literature. Studies in 
forest settings are less abundant, especially where the study of the long term 
benefits of rehabilitative techniques are concerned (Plotnikoff et al. 1999). 
Degraded soils can result from compaction and loss of topsoil on forest landings and 
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roadbeds. The rehabilitation of these degraded soils is of particular interest due to 
the impact of deforestation on watershed hydrology (Chamberlain et al. 1991) and its 
effect on timber supply and economic sustainability. Well sites are thought to 
potentially pose similar challenges to reforestation of forest landings and roads 
because of the potential for increased bulk density (Hammermeister et al. 2003) and 
poor topsoil management. 
The processes responsible for the potential degradation of soil conditions were 
previously discussed in Section 2.2. The following sections describe rehabilitative 
techniques that have the potential to alleviate growth-limiting conditions on well 
sites. 
2.6.1. Tillage 
Studies have demonstrated the success of tillage in increasing productivity of 
rehabilitated soils, including those at forestry landings and other degraded lands. 
Tillage as a rehabilitative technique loosens soil and increases aeration in an effort 
to improve soil conditions for plant growth (Brady and Weil 1996, Bulmer 1998, Hillel 
1998). Tillage is also well known for its ability to control weeds (Brady and Weil 
1996). In contrast to the agricultural industry, tillage in forestry is typically only 
completed once per 60 to 100 years given the relatively lengthy rotations required 
for commercial tree species (Bulmer 1998); therefore, issues regarding decreased 
productivity due to repeated tillage are not a concern. 
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Tillage is usually undertaken with heavy equipment using a discing device or by 
ripping with an excavator with rake attachments. Decompaction of soils can also be 
achieved with the use of a ripper, winged subsoiler, or other implement attached to a 
crawler tractor. Successful tillage may only be achieved where the site-specific 
conditions such as soil texture, moisture content, and even subsoil characteristics 
have been considered (Bulmer 1998, Bateman and Chanasyk 2000). 
McNabb (1994) observed that while subsoiling during wet conditions, ineffective 
tillage resulted due to negligible decompactive force being transferred to surface 
soils. Where Solonetzic soils are concerned, increased clay content in the A horizon 
along with an increase in elements such as sodium may result from tillage and can 
affect soil productivity (Mathison et al. 2002). 
The physical disturbance to soil during tillage or ripping breaks up massive or 
coarsely aggregated soils, thereby increasing porosity and enhancing soil structure, 
and results in improved conditions for water and gas movement (Bulmer 1998). The 
duration of the effects of tillage may be short due to puddling or structural collapse, 
especially where finer textured soils are concerned (Lampurlanes and Cantero-
Martinez 2003). Many areas in northeastern BC are characterized by clay-rich soils 
(Lord and Green 1986), and limited information is available about how these soils 
will respond (i.e., puddling versus persistence of introduced structure) subsequent to 
tillage (Bulmer 1998). Mathison et al. (2002) demonstrated that even more than 15 
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years following treatment, penetration resistance was significantly lower in deep 
ripped soils, despite a lack in significantly different bulk densities between soils. 
Nutrient levels are also likely to be affected by tillage, as there may be significant 
chemical and physical differences between soil horizons that may become mixed 
during tilling. Where increased water percolation results from tillage, the availability 
of nutrients may be decreased due to the translocation of soluble forms. 
Through altering a soil's structure and consequently the behaviour of water and air 
within that soil, tillage is capable of influencing the complex relationships between 
moisture content, bulk density, matric potential, and soil strength. Ultimately, the 
benefits from tillage may need to be evaluated on a soil specific basis to understand 
its effect on potential growth-limiting conditions on degraded soils. 
2.6.2. Organic Amendments 
Organic amendments, by contributing organic matter to degraded soils, can improve 
soil structure, increase water retention and availability, and improve soil physical 
conditions (i.e., increased hydraulic conductivity and decreased compactibility). 
Contributions to the nutrient status of a soil depend on the initial chemical 
composition of the amendment. The following addresses some of these effects in 
detail as they pertain to organic amendments, emphasizing wood wastes, which are 
likely to be the most widely available organic amendments where oil and gas 
development occurs on forested lands. 
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Wood chips are nutrient-poor residues, with high carbon to nitrogen ratios, and are 
available in the form of industrial wood wastes and also from chipped slash and non-
merchantable timber following harvest. Wood chips can be produced on remote 
sites using satellite or mobile chippers (Corns and Maynard 1998, Sanborn et al. 
2004). Although producing wood chips or hauling them from a mill can be 
expensive, their use in rehabilitating severely degraded soils should be considered 
(Sanborn et al. 2004). 
The success of wood wastes as soil conditioners is thought to be a result of their 
positive influence on aeration and water holding capacity as well as contributions to 
reduced erosion and weed emergence. The application of wood residues by 
incorporation has resulted in improved plant growth in a number of experiments 
(Bollen and Glennie 1961, Schuman and Sedbrook 1984, Smith et al. 1986, Moss et 
al. 1989, Land Resources Network 1993); however, their use in rehabilitating forest 
soils remains experimental (Bulmer 1998). Possible negative effects associated with 
their use include nutrient immobilization, release of toxic leachates, retention of 
excess moisture and decreased temperatures (Bollen and Glennie 1961, Land 
Resources Network 1993, Bulmer 1998). 
The slow microbial decay process of wood chips is performed primarily by 
basidiomycetes (brown and white rot molds), but ascomycetes, fungi imperfecti (soft 
rots), and some bacteria are also involved. Decay results in increased nutrient 
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concentrations and a narrowing of the carbon to nitrogen ratio, decreased chip bulk 
density, and increased water holding capacity; and consequently improved rooting 
media (Harmon et al. 1986). The changes in wood chip properties at different 
stages of decay will undoubtedly influence the properties of soil in which they are 
incorporated; however, many studies discard fragments larger than 2 mm during 
sample preparation. Therefore, analytical results may not always assess potential 
contributing benefits (i.e., improved water retention, increased nutrient pools, etc.) to 
soil productivity as a result of the presence of coarse wood fragments. 
The following sections discuss the influence of wood wastes on relationships that 
both positively and negatively affect soil conditions. 
2.6.2.1. Soil Physical Properties 
Improved soil structure and increased porosity are considered to be some of the 
most important benefits associated with the incorporation of organic residues. As 
wood decays, it experiences considerable mass loss resulting from the microbial 
degradation of celluloses and other components. Reduced bulk density of the wood 
and even of the soil results where chips have been incorporated. The byproducts of 
decay, including humic substances and polysaccharides, are intimately involved in 
the stabilization of soil aggregates. The stabilization of aggregates has been 
suspected in maintaining the benefits of soil tillage (Bulmer 1998) in that aggregated 
soils have increased resistance to settling or "puddling" (Brady and Weil 1996). 
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The organic matter content of a soil influences the relationships between moisture 
content, bulk density, matric potential, and soil strength. Nusier (2004) 
demonstrated that through the addition of organic matter to compacted soils, 
hydraulic conductivity was increased and soil strength decreased. Nusier (2004) 
also showed that an increased volume of water was retained in soils with greater 
organic matter contents. 
2.6.2.2. Water Availability 
Organic matter in many forms is well known for increasing water retention in soils 
(Brady and Weil 1996, Hillel 1998, Zebarth et al. 1999, Moskal et al. 2001, Nusier 
2004). Increased water retention prolongs the duration of adequate water 
availability for plants in periods of drought and can maintain soil strengths suitable 
for root growth. Zebarth et al. (1999) suggested that the effect on water holding 
capacity in a soil amended with organic residues would depend on the properties of 
the amendment itself. These properties and their influence on soils were also 
expected to change as the organic residues undergo physical changes during 
decay. Further investigation into the properties of organic residues themselves and 
their relationship to water retention in amended soils is warranted (Land Resources 
Network 1993, Zebarth et al. 1999). 
2.6.2.3. Nutrient Availability 
During the decomposition of organic residues with C:N ratios greater than 25:1, 
nutrient (especially N), immobilization is likely to occur (Bollen and Glennie 1961, 
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Brady and Weil 1996). Typical wood wastes have C:N ratios greater than 500 
(Bollen and Glennie 1961, Bulmer 1998). Nitrogen immobilization occurs as 
microbial populations compete with plants for available N. Immobilized nitrogen then 
becomes incorporated into microbial forms such as proteins, cell walls, and nucleic 
acids (Paul and Clark 1996) where it is rendered unavailable for plant uptake until 
subsequent mineralization occurs (Brady and Weil 1996). Nitrogen availability may 
also be decreased due to the formation of stable, nitrogenous by-products of lignin 
decay (Johnson 1995). As decay progresses, the C:N ratio narrows in organic 
residues, and eventually, the nutrients associated with the residue become part of 
the available active nutrient pool. Sidle and Shaw (1983) observed greater available 
N associated with the advanced stages of rotting wood when compared to earlier 
stages. 
In order to mitigate the effects of N immobilization, studies have demonstrated the 
benefits of supplementing nutrient-poor organic residues with available forms of N 
(Bollen and Glennie 1961, Smith et al. 1985, Land Resources Network 1993, 
Bulmer, 1998). Such additions typically promote plant growth, but also increase the 
rates of decomposition of organic residues in the soil (Harmon et al. 1986). 
N'Dayegamiye and Isfan (1991) demonstrated that the addition of composted or 
humified material eliminates the negative effects of N immobilization relative to the 
addition of fresh ligneous residues. The stage of decay or C.N ratio within a 
decomposing residue should be considered when assessing potential benefits from 
the addition of organic residues and determining compensatory N inputs. 
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The duration of the positive benefits from organic residue incorporation has been 
confirmed in a few studies where soil physical properties and/or plant growth were 
improved for up to nine years. This was attributed in part to the slow decomposition 
of wood wastes high in lignin (Land Resources Network 1993). 
2.6.2.4. Mulch Application 
Most of the processes described above occur whether wood wastes are 
incorporated into soils or applied as a mulch; however, the rates and relationships 
may differ. The use of wood chips as a mulch can alter a soil's thermal and moisture 
regime (Bollen and Glennie 1961, Land Resources Network 1993, Corns and 
Maynard 1998, Hillel 1998). Following a study involving the application of chipped 
aspen residue, cooler soil temperatures were suspected to have been responsible 
for decreased plant growth (Corns and Maynard 1998). The decay process for 
mulched organic residues is typically slower than if residues are incorporated into 
soil. This is suspected to be attributable to decreased chip contact with soil particles 
and the associated microbial community, as well as reduced moisture content due to 
surface evaporation. Application as a mulch costs less than the incorporation of 
wood chips, and mulch layers also reduce erosion and provide greater weed 
suppression than incorporated residues. 
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2.6.3. Other Soil Rehabilitation Techniques 
In addition to the techniques described above, there are a number of other soil 
rehabilitation methods that are often employed either individually or in combination 
with other techniques. These include fertilization and drainage improvement (e.g., 
ditch construction, re-contouring, etc.). Depending on site conditions, available 
funds, and reclamation objectives, these other techniques should be considered as 
practical means for soil rehabilitation. Many important considerations regarding soil 
rehabilitation, including tillage, fertilization, sediment and erosion control, improving 
drainage, timing of treatments, and selection of equipment can be found in the BC 
Ministry of Forests Soil Rehabilitation Guidebook (BC Ministry of Forests, 1997). 
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3. MATERIALS AND METHODS 
3.1. Study Area 
Six previously reclaimed natural gas well sites were selected for study within the 
Peace variant of the moist warm subzone of the Boreal White and Black Spruce 
biogeoclimatic zone (BWBSmwl) in the Peace River region of northeastern BC 
(Figure 3.1 and Table 1) (DeLong et al. 1991). Four of the sites were situated 
northwest of Fort St. John, BC, one of which was removed from the study as it was 
re-drilled for oil and gas development. Two sites were situated south of Dawson 
Creek, BC. 
Boot Lake 
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Figure 3.1: Overview of study area in northeastern British Columbia showing site locations. 
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Table 3.1 Summary of site location and reclamation details. 
Site Name 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Latitude / 
Lonqitude 
121°26"I5.9"W/ 
56°36'22.6"N 
121°52'4.5"W/ 
56°38'2.6"N 
121°50'8.2"W/ 
56°35'10.7"N 
120°22'36.1"W/ 
55°15'10.7"N 
120°24'15.2"W/ 
55°6'52.5"N 
Elevation 
850 m 
865 m 
880 m 
960 m 
1010 m 
Proximity to 
Nearest Citv 
-55 km NW of 
Fort St. John 
-75 km NW of 
Fort St. John 
-75 km NW of 
Fort St. John 
-55 km S of 
Dawson Creek 
-70 km S of 
Dawson Creek 
Year Drill Rig 
Released 
n/a* 
1979 
1994 
1994 
1991 
*Aitken was constructed but was never drilled. Date of reclamation unknown. 
Each well site had been reclaimed prior to the study and had received a Certificate 
of Restoration (CoR) (from the Ministry of Energy, Mines and Petroleum Resources 
or the British Columbia Oil and Gas Commission) based on meeting the reclamation 
criteria of the day. Specifics regarding reclamation work completed on the sites 
were unknown. It should be noted that Aitken was never drilled although site 
preparation work was completed and a CoR issued. Based on Canada Land 
Inventory maps and preliminary visual inspections, all sites selected had mesic soil 
moisture regimes. 
Although the sites located north of Fort St. John, BC are approximately 15 km north 
of the boundaries of the nearest BC soil survey, based on topography and soil 
characteristics in the survey area to the south, soils in the area were expected to be 
weakly calcareous, loamy to clayey in texture, and to have been formed on morainal 
parent materials. Soils in similar upland positions near the north boundary of the 
Fort St. John - Dawson Creek survey were classified as Orthic Gray Luvisols and 
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Orthic Luvic Gleysols, and to a lesser degree, Eluviated Eutric Brunisols and 
Solonetzic Grey Luvisols (Lord and Green 1986). 
The Boot Lake and Blackhawk sites are located approximately 30 km south of the 
Fort St. John - Dawson Creek soil survey boundary. Based on topography and soil 
characteristics in the survey area to the north, soils in the vicinity of these sites 
would also be expected to be loamy and clayey in texture and to have formed on 
morainal parent materials. Soils in similar upland positions near the south boundary 
of the survey area were also classified as Orthic Gray Luvisols and Orthic Luvic 
Gleysols (Lord and Green 1986). 
A detailed description of a soil profile completed adjacent to each site in undisturbed 
soils has been included in Tables A1.1 through A1.5 (Appendix 1). The soil 
classifications provided are provisional, as they are based on field assessments of 
soil properties. 
3.2. Study Design 
This study is based on a randomized block design. The experiment involved six 
treatments replicated on each of the five selected well sites (blocks) in the study 
area defined as the BWBSmwl biogeoclimatic variant. Site layout schematics are 
provided for each of the sites in Figures A2.1 through A2.5 (Appendix 2). Treatment 
plots (experimental units) were subsampled at five standardized locations installed 
across each plot to obtain a representative mean for individual properties being 
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measured (Figure A2.6, Appendix 2). A single sampling station was situated at an 
offsite location in undisturbed forest adjacent to each site, and another at an onsite 
(off-treatment) location repeatedly subjected to vehicular traffic during wetter site 
conditions. These were to serve as indicators of undisturbed and degraded 
conditions, respectively, and were assessed for qualitative purposes only. 
3.3. Experimental Treatments 
3.3.1. Treatment Selection and Rationale 
Treatment design and selection were based on soil conditions on the well sites being 
potentially growth-limiting for conifer seedlings due to adverse soil physical 
properties, soil nutrient status, and/or competition from seeded agronomic species. 
Table 3.2 summarizes the relevant details regarding treatments utilized in this study. 
Table 3.2 Summary of soil rehabilitation treatments. 
Treatment Name 
Control (C) 
Brush mats (B) 
Mulch (M) 
Till (T) 
Till + Mulch (TM) 
Incorporated (INC) 
Decompaction 
None 
None 
None 
Surface tillage 
to -0.5 m 
Surface tillage 
to -0.5 m 
Surface tillage 
to -0.5 m 
Brush 
Mats? 
No 
Yes 
No 
No 
No 
No 
Orqanic Amendment 
None 
None 
10 cm thick wood chip 
surface mulch 
None 
10 cm thick wood chip 
surface mulch 
15 cm thick layer of wood 
chips mixed into the upper 
25 cm of soil profile 
The control treatment (C) was the lowest cost option as it involved no site 
preparation and the raw planting of trees in untreated ground. Photograph 1 
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(Appendix 3) is generally representative of the appearance and limited soil structure 
observed in control soils. The brush mat treatment (B) also involved no site 
preparation, but was designed to reduce the effects of competition from previously 
seeded ground cover crops. It involved securing 0.8 m x 0.8 m opaque plastic 
sheeting centred on individual seedlings. 
Surface tillage was also used to improve soil physical condition and to limit 
competition from ground cover species (seeded and native). Tillage was completed 
to an approximate depth of 0.5 m using a five-tined rake attachment on a tracked 
hydraulic excavator (Photographs 2 and 3, Appendix 3). Caution was exercised to 
minimize the trafficking of treated areas, as well as those scheduled for treatment. 
Where ground was trafficked by the excavator, it was either abandoned or 
subsequently tilled where treatment prescriptions warranted. The treatments T, TM, 
and INC received tillage in this manner. 
Wood chips (Photograph 4, Appendix 3) are a readily available organic amendment 
in northeastern BC, either from onsite sources or industrial operations (i.e., saw 
mills). The coniferous wood chips used in this study were costly as they were 
obtained from a Canadian Forest Products Ltd. sawmill located in Taylor, BC. They 
were transported to each site using a shuffle deck van and then distributed by hand 
and/or excavator once on site. In operational settings, wood chips could likely be 
obtained in a more cost-effective manner from onsite sources by using a portable 
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chipper or tub grinder to process non-merchantable timber and slash piles following 
timber harvest. 
The wood chips used in this study generally ranged from 1 cm to 5 cm in width and 
from 2 cm to 8 cm in length. Typical wood chip thickness ranged from 0.5 cm to 2 
cm. The wood chip organic amendment was applied as a surface mulch in two 
treatments (M and TM) (Photograph 5, Appendix 3) or was mixed into the soil profile 
following initial tillage using an excavator for the INC treatment (Photograph 6, 
Appendix 3). 
An approximate 10 cm thick layer of wood chips was spread by hand across those 
treatments involving a surface mulch application (M and TM). This treatment was 
intended to approximate the forest floor thickness in adjacent undisturbed forest and 
mimic its behaviour with respect to temperature and moisture regulation. 
The incorporation of wood chips into the soil profile has been demonstrated to 
improve seedling growth on degraded fine-textured soils in the interior of BC where 
poor soil structure, high bulk densities, and low organic matter were observed on 
untreated soils (Sanborn et al. 2004). The intensive treatment used by Sanborn et 
al. (2004), after which the INC treatment is modeled, involved the hand-spreading of 
a 15 cm layer of wood chips over tilled ground and subsequent tillage to mix the 
wood chips into the soil profile. Photograph 6 provides an example of the 
appearance of the wood chips in treated soil following one year after treatment. 
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3.3.2. Treatment Timing 
Periods of wet weather were avoided for timing of treatments and wet conditions 
rendered certain sites inaccessible due to poor road conditions. Treatment timing 
was affected due to one of the sites being re-drilled for oil and gas subsequent to 
treatment. The sites located northwest of Fort St. John, BC (Aitken, Blueberry, and 
Bernadet) were treated in September 2003. Sites located south of Dawson Creek 
were treated in May 2004. Where plots received tillage as part of their treatment, it 
was anticipated that soil physical and chemical properties might change with time. 
In order to minimize this potentially confounding effect, samples being collected for 
bulk density, air-filled porosity, water retention characteristics, and nutrients were 
collected approximately one year after tillage on all sites. 
3.4. Reforestation of Well sites 
Monashee Resources Ltd. of Dawson Creek, BC was responsible for the 
reforestation of treatment plots on all of the sites. Lodgepole pine {Pinus contorta 
var. latifolia Dougl. ex LoudJ and white spruce (Picea glauca [Moench] Voss) 
seedlings were obtained from the BC Ministry of Forests and Range (MFR). Pine 
were from registered seedlot number 02077 and spruce from registered seedlot 
number 01822 and are typical of container stock used in silvicultural practices in the 
region. A total of 144 trees were planted on each treatment plot in twelve rows, 
each containing twelve trees. Rows consisted of individually numbered alternating 
pine and spruce trees spaced at 1.7 m intervals. Figure A2.7 (Appendix 2) provides 
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a generalized schematic for the planting layout of treatment plots. Pine seedlings 
were numbered with a unique even number, and spruce with odd numbers. The 
planting arrangement was designed to facilitate future measurement of trees located 
within an inner plot to eliminate edge effects over the long term. Additional trees 
were planted outside the treatment plots to facilitate replacement in case of tree 
mortality. Brush mats were affixed at the time of planting. 
3.5. Soil Sampling 
Plot means were estimated using five subsampling stations positioned across the 
site in a standardized configuration resembling the number five face of a die (Figure 
A2.6). Plot subsampling was completed adjacent to station markers (within 1 m) in a 
systematic direction for each sampling event. Sample locations were shifted in a 
systematic manner to avoid sampling areas that were impacted accidentally by 
domestic livestock traffic or other possible disturbances. Impacts from grazing cattle 
and subsequent precautions taken are discussed in Section 3.11. Substations were 
approached and sampled cautiously to minimize disturbance to nearby ground. 
Where repeated measures were recorded, care was also taken to ensure areas 
disturbed from prior sampling were not re-sampled. The use of subsampling 
stations helped to minimize the total disturbance across the treatment plots and 
ensured the availability of undisturbed ground to sample in the event long- term 
investigations are undertaken. 
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3.6. Soil Sample Preparation 
Samples collected for chemical analysis at the MFR Analytical Chemistry laboratory 
in Victoria, BC were either transported on ice directly to the MFR laboratory upon 
collection or transported to UNBC on ice and immediately air-dried and placed in a 
refrigerator at <4°C for storage prior to analysis. Soil samples collected for analysis 
of water retention were air-dried upon receipt or shipped directly to the appropriate 
laboratory in their respective 0.039 L cores. Soil samples for bulk density were 
removed from cores following field determination of AFP and transported to the 
laboratory for further analysis. 
Additional property-specific details on soil sampling methods and sample handling 
are provided in the following sections. 
3.7. Soil Chemical Properties 
Five-point composite soil samples were prepared for each plot with aliquots 
collected using a trowel from a depth range of 0-17 cm adjacent to subsampling 
station markers. Air-dried samples were sieved with <2 mm fraction being retained 
for analysis of particle size distribution and available nutrients. Except for where 
noted, all soil chemical analyses were conducted at the MFR Analytical Chemistry 
laboratory in Victoria, BC. 
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3.7.1 Total C, N, and S 
Soil samples from both the bulk density cores and the nutrient samples were 
homogenized after processing with a ring grinder. Samples were analyzed for total 
C (LECO CHN-600 Elemental Analyzer), total N (Fisons NA-1500 Elemental 
Analyzer), and total S (LECO SC-132 Elemental Analyzer). 
3.7.2. Available P 
Available P was determined on plot composite samples using the Bray P1 method. 
Extracts were analyzed using a Milton Roy Spectronic 1201 UVA/isible spectrometer 
(Bray and Kurtz 1945). 
3.7.3. Exchangeable Cations and Cation Exchange Capacity 
Exchangeable Al, Ca, Fe, K, Mg, Mn, Na and cation exchange capacity (CEC) were 
determined on plot composites soil samples following their displacement with barium 
ions into soil solution. Elemental analyses were performed using an ARL 35600 
Inductively Coupled Argon Plasma (ICAP) spectrometer (Hendershot and Duquette 
1986). 
3.7.4. Mineralizable-N 
To assess the potential need for fertilization at INC treatment plots, and also as a 
measure of site productivity, mineralizable-N was determined as an index of N 
availability following a 2 week anaerobic (waterlogged) incubation period at 30°C 
(Keeney and Bremner 1966). 
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3.7.5. Electrical Conductivity 
Electrical conductivity (EC) was determined on a 2:1 distilled water to soil slurry 
(using plot composite samples) that were thoroughly mixed and allowed to stand 1 
hour before measurement (Janzen 1993). 
3.7.6. SoilpH 
A 2:1 distilled water to soil slurry was prepared using 10 g soil from plot composite 
samples. Samples were mixed thoroughly and allowed to stand for 1 hour before pH 
was determined (Hendershot et al. 1993) using a calibrated digital pH meter. Soil 
pH analyses were completed at UNBC in Prince George, BC. 
3.8. Soil Physical Properties 
A number of soil physical properties were evaluated in this study to attempt to 
quantify growth-limiting conditions that seedlings may have encountered at the sites. 
These included properties that would enable the determination of the least limiting 
water range (LLWR), as discussed in further detail in Section 3.8.10. 
3.8.1. Bulk Density and Water Retention Characteristics 
The different timing of the application of soil rehabilitative treatments complicated the 
sampling schedule for these properties. It was anticipated that settling of soils would 
occur subsequent to tillage and so a similar period of time should elapse between 
treatment and sampling. Accordingly, tilled treatments (T, TM, and INC) were 
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sampled approximately 1 year after treatment; sites northwest of Ft. St. John, BC 
were sampled in fall 2004, and sites south of Dawson Creek, BC were sampled in 
spring 2005. All untilled treatments (C, B, and M) were sampled in the fall of 2004. 
A number of both physical and chemical analyses were performed on these samples 
and methods are detailed below in the corresponding sections. 
3.8.2. Bulk Density 
Bulk density was determined on soil samples collected using stainless steel 
cylinders (cores) 7 cm (height) x 10 cm (inside diameter) with a volume of 0.517 L 
(bulk density cores). Cores were inserted into the soil profile using a slide hammer 
at each subsampling station (5 locations per plot) and at a single location both offsite 
and in the degraded area. Samples were collected from both an upper (0-7 cm) and 
lower depth interval (10-17 cm) at each location. Prior to soil being removed from 
the core, it was placed into the sample chamber of an air-pycnometer (Section 3.8.5) 
for determination of air-filled porosity. Soil from the core was then placed in plastic 
bags, weighed (at field moisture), and shipped to UNBC for processing. 
Oven-dried weight was determined by drying at 105°C for 48 hours. Oven-dried soil 
was then sieved (2 mm sieve). Coarse mineral and organic fractions (> 2mm) were 
retained and weighed. The weight of the fine fraction (<2mm) was determined using 
the following: 
Eqn. 3.1 mff = mtotai - mcoarse 
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where mff is the mass of the oven dried <2mm fraction, mtotai is the 
mass of the entire oven-dried sample, mCOarse is the mass of the 
combined coarse organic and mineral fractions 
The coarse fraction was then sieved on a 4.5 mm sieve and all organic fragments 
retained on the sieve were separated from the >4.5 mm mineral fraction and 
weighed. This value was subtracted from mcoarse to determine the coarse mineral 
fraction (>2mm). It was not considered practical to distinguish between organic and 
mineral fragments less than 4.5 mm in diameter. 
Coarse fraction volumes (Vc) were calculated using assumed values of 2.65 g/cm3 
and 0.5 g/cm3 for mineral and organic fragments, respectively. Fine fraction 
volumes were calculated by subtracting Vcfrom the volume of the core (0.517 L). 
Fine fraction bulk density (BDff) was determined using the following equation. 
Eqn.3.2 BD f f=mff/V f f 
where mff is the mass of the <2mm fraction of the soil sample and Vff is 
the volume of fines (0.517 L - Vc) 
3.8.3. Maximum and Relative Bulk Density 
Four sample locations were randomly chosen across each well site adjacent to 
treatment plots. These locations were expected to capture the variation in 
compressibility of soils across the well site. In September 2004, approximately 25 L 
of soil was collected from excavations completed to a depth of 20 cm at each of the 
four locations. Following shipment to UNBC, samples were air-dried and processed 
through a 9.5 mm sieve. The <9.5 mm fraction was shipped to a private soil testing 
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laboratory located in Castlegar, BC for analysis of maximum (Proctor) bulk density 
(MBD) using the Proctor method ASTM D698-00a (American Society for Testing and 
Materials 2000). The method involves subjecting soils in a 1 L mould to a 
standardized compactive effort (25 blows with 2 kg drop hammer). The actual 
method deviated from the ASTM standard methodology by performing the test on 
the <4.5 mm fraction of the soil for all samples, and was similar to a method used by 
Krzic et al. (2003) who used the <4.75 mm fraction. All MBD values were corrected 
for coarse fragment content and are presented as the bulk density of the fine 
(<2mm) fraction commonly used in soil science investigations. 
Relative bulk density (RBD) has been demonstrated to eliminate the effects of 
texture on bulk density values when comparing bulk density to plant response 
across a range of soil textures (Hakansson and Lipiec 2000). RBD was calculated 
for individual bulk density samples as a percentage of the MBD using the following 
equation. 
Eqn.3.3 RBD = BD f f /MBD 
Although carbon is an important factor determining a soil's bulk density, insufficient 
data were collected to adjust RBDs for carbon content as performed by Krzic et al. 
(2002). 
3.8.4. Gravimetric Moisture Content 
Gravimetric moisture content (co) was determined on soil samples following oven 
drying at 105 °C for 48 hours. It was calculated using: 
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Eqn. 3.4 co = Mw/Ms 
where Mw is the mass of water lost during oven drying and Ms is the 
oven-dried weight of the soil sample. 
Volumetric moisture content (8) was also determined using the following equation 
based on an assumed density of 1 kg/L for water: 
Eqn. 3.5 9 = Vw/Vc 
where Vw is the volume of water lost following oven drying and Vc 
represents the volume of the soil core (0.517 L) used to collect the 
sample. 
3.8.5. Gas Pycnometry 
Gas pycnometry to determine the volume of solids is based on Boyle-Mariotte's law 
related to volume - pressure relationships as described by the equation below: 
Eqn. 3.6 P1V1 = p2v2. 
where pi = chamber gas pressure, vi = volume of chamber, p2= 
chamber of system following equilibration, v2 = volume of system 
following equilibration 
A constant volume air pycnometer (Figure 3.2) was obtained from Andrei Startsev 
with the Alberta Research Council for use in this research project. The pycnometer 
had a sample chamber volume that was slightly larger than the sample core being 
tested and the initial pressure chamber (tank) roughly two-thirds of that. 
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Figure 3.2 Air pycnometer used for field determination of air-filled porosity (AFP). 
This configuration meets the recommendations described by Tamari (2004). Before 
soil was removed from the bulk density core, samples were trimmed by hand to 
ensure consistent volumes amongst cores being measured. Cores were placed into 
the sample chamber on a plastic disk also of known volume. This chamber is 
connected via piping and an isolation valve to the tank. A valve was also installed 
on the connective piping that could be used to equilibrate the system to the ambient 
atmosphere. The tank was then pressurized in an isolated state to 138 kPa 
(equivalent to 20 psi) using a hand pump before being equilibrated with the sample 
chamber. Upon equilibrating the two chambers, a resultant decrease in pressure 
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immediately occurs and the value recorded once stabilized. McNabb et al. (2001) 
followed similar procedures for determining AFP. 
Based on core (and plastic disk) volume, the tank's initial pressure, the resultant 
equilibrium pressure of the system, and Eqn. 3.6, a calibration curve was developed 
for rapid determination of the air-filled porosity of the soil core. Using oven-dried 
weights it was also possible to determine the total porosity (/toi) of the sample using: 
Eqn. 3.7 / tot = AFP + 0 
Volumetric moisture content at 10% AFP was determined for each sample using 
Eqn. 3.8 0IO%AFP = /tot - 0.1 
3.8.6. Water Retention Characteristics 
Smaller cores 2 cm in length (0.039 L volume) were used to collect undisturbed 
cores for determination of water retention characteristics. Coring rings were inserted 
using a small slide hammer. Samples were collected at 2-4 cm and 12-14 cm 
depths at two of the sampling locations (from opposite corners) and from 2-4 cm at 
the centre station. These depth intervals fall approximately in the middle of the bulk 
density core sample intervals. Samples were packaged carefully for shipment to the 
MFR laboratory in Victoria, BC, for analysis. 
Moisture content was determined on samples following equilibration on a pressure 
plate apparatus at water potentials of -5, -10, -33, -100, -300, and -1,500 J/kg and 
also at saturation. Moisture content at field capacity (FC) was determined at -10 
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J/kg (reference) and permanent wilting point (PWP) at -1,500 J/kg (Brady and Weil 
1996). 
Aeration porosity is defined as the volume of pores filled with air at FC and was 
calculated using the following equation. 
Eqn. 3.9 Aeration porosity = saturated porosity - 8.ioj/kg 
where saturated porosity is the moisture content when all soil pores 
are filled with water, 0.1O j/kg is the moisture content at a water potential 
o f -10 J/kg. 
Moisture content at 10% air-filled porosity (AFP) was determined by subtracting 0.1 
from the saturated porosity. Saturated porosity is synonymous to / tot as described 
in the section above. Values for 9-IO%AFP and total porosity (/tot) obtained using the 
air-pycnometer were used during statistical analyses preferentially over those 
determined using water retention data due to the larger core volume and sample 
size (n). 
The available water storage capacity (AWSC) is calculated as the difference in 
moisture contents between FC and PWP. 
3.8.7. Particle Size Analysis 
Particle size analysis (PSA) was completed using the pipette method (Gee and 
Bauder 1986) on soil samples collected from each treatment plot. Samples were 
five-point composites with aliquots collected from each subsampling station from a 
depth range of 0 cm to 17 cm. Analyses were conducted on the same air-dried fine 
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fraction samples (<2mm) that were analyzed by MFR for various nutrients as 
described below. 
All soil samples were pre-treated with hydrogen peroxide (and heat) due to presence 
of organic matter. Soil samples collected from Blueberry, Boot Lake, and Blackhawk 
were pre-treated for carbonates based on their reaction to 10% HCI. These soils 
were also pre-treated for salts due to observed flocculation of soil suspensions. Pre-
treatment for carbonates involved the slow addition of 1M HCI to soil solution until a 
stable pH < 4.5 was observed. Pre-treatment for salts consisted of a minimum of 
three washings with distilled water and the removal of the clear supernatant by 
vacuum following centrifuging at 10,000 rpm for 5 minutes. 
Soil-water mixtures (following pre-treatment) were transferred to 250 ml_ Erlenmeyer 
flasks and oven dried for 48 hours at 105°C to determine an initial oven-dried weight 
(rrij). To disperse the soil, a hexametaphosphate (HMP) solution was added to the 
flasks which were then secured on an Eberbach oscillating rack for approximately 3 
hours. 
Following dispersal, samples were wet sieved (53 urn) and the sand fraction retained 
and oven-dried. This weight was recorded as a percentage of the initial mass of soil 
(% sand). The silt and clay fractions were then transferred to 2 L beakers and 
distilled water added to a volume of -0.9 L. The silt and clay fractions in water were 
then mixed for 5 minutes using an electric hand mixer with metal blade. The 
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resulting suspensions were transferred to 1 L sedimentation cylinders and were 
placed in a water bath at room temperature (20°C). Distilled water was added to the 
1 L mark and the sample agitated using a plastic disk-tipped plunger for 30 seconds. 
Time (t) = 0 was assumed immediately after agitation. Temperature was confirmed 
periodically throughout the sedimentation time. 
According to Stokes Law (Eqn. 3.10), soil particle settling rate is a function of the 
properties of the medium (i.e., density, viscosity) and the diameter of the particles. 
Gee and Bauder (1986) provide elapsed times and settling distances for the finest 
(slowest settling) silt particles. 
Eqn. 3.10 V = kr2 
where V represents the velocity of settling particles, r is the particle 
radius, and k is a constant representing the density and viscosity of the 
water and the gravitational constant. 
After 4.5 hours, the clay in suspension was slowly sampled over a 10 second period 
using a stand-mounted 25 mL pipette from the appropriate depth and transferred to 
a tared aluminum foil tray for drying overnight at 105°C. Sampling depths and actual 
settling times were determined in accordance with those provided by Gee and 
Bauder (1986) for the observed water temperature of 20°C. A blank sample 
containing only distilled water and HMP solution was analyzed to correct for the 
mass of HMP in the sample. 
44 
The clay fraction (% clay) was determined based on oven-dried mass of clay in 
aliquot and corrected for HMP concentration. The silt fraction (% silt) was calculated 
by subtraction of sand and clay fractions using the initial sample mass. 
3.8.8. Soil Monitoring Data 
Throughout the 2004 and 2005 growing seasons, soil moisture and mechanical 
resistance were monitored during site visits. The Blackhawk and Boot Lake sites 
were only monitored three times in 2004 due to their late treatment in the spring of 
the same year. 
3.8.8.1. Soil Temperature 
An analog metal thermometer was used to measure soil temperature at each 
subsampling station during site visits. Temperature readings were collected at a 
depth of 10 cm following stabilization of readings. 
3.8.8.2. Soil Moisture Content 
On each site visit, moisture content was measured in three locations in a small 
hand- excavated pit adjacent to subsampling locations using a ThetaProbe (Model 
ML2x, Delta-T Devices, Cambridge, UK). The ThetaProbe measures the 
impedance the soil medium surrounding four stainless steel probe tips 
(approximately 5 cm in length) that emerge from the probe housing. To achieve this, 
the ThetaProbe transmits a 100 MHz sinusoidal electromagnetic signal into the soil, 
which is partly reflected due to differences in impedance between the sensor rod 
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array of the probe and the medium being measured. The reflected signal interferes 
with the emitted signal and generates a standing voltage wave with amplitude 
proportional to the difference in impedance between the probe and medium. This 
voltage wave is measured as an analogue output voltage and then converted to 
volumetric moisture content. The ability to precisely measure moisture content is 
due to the impedance of soil primarily depending on the dielectric constant (a 
measure relative to that of a vacuum) of water (81), which is much greater than that 
of air (1) and mineral soil (from 3 to 5) (Delta-T Devices Ltd. 1999). 
Soil samples were periodically collected at the sites for gravimetric moisture content 
determination and comparison to ThetaProbe volumetric moisture contents 
determined on the same day. These were used to evaluate the accuracy of the 
ThetaProbe. Although coarse fragments, compacted soil conditions, and/or air 
pockets from tillage and wood chip incorporation may have decreased accuracy, no 
soil- or treatment-specific calibrations were completed. Careful probe insertion and 
the discarding of suspect readings were used to guard against these sources of 
error. The probe is reported to be accurate within 5% without soil-specific calibration 
(Delta-T Devices Ltd. 1999) and this is generally consistent with the comparisons 
made during this study which are discussed in Section 5.6. 
Freshly excavated pits were used for each individual sampling event and were 
positioned in a systematic direction and distance from station markers. The same 
approach as described for bulk density sampling was used to shift locations where 
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unrepresentative ground was suspected. Pits were excavated to approximately 18 
cm and three measurements taken across the vertical face of the pit at a depth of 10 
cm to obtain a mean for each subsampling location. 
Deviations from the prescribed number of measurements per station occurred for a 
variety of reasons. Where soil conditions were difficult (i.e., too loose or stony), only 
those measurements considered reliable where probe and soil were in good contact 
were recorded. In dry conditions, relatively hard soils required the installation of pilot 
holes prior to probe tip insertion. In these instances, only a single measurement was 
obtained due to time constraints. 
3.8.8.3. Soil Mechanical Resistance 
Soil mechanical resistance (SMR) was measured as an index of soil strength from a 
depth of 10 cm using a hand-held force gauge (HFG 44 Model, Transducer 
Techniques Inc., Temecula, California, USA) equipped with a 6 cm long steel shaft 
with a 4 mm basal diameter 30° tip. Whiteley (1985) used a penetrometer with a 
similar angled tip for comparing penetration pressures and those exerted by roots. 
Five measurements were taken across the same vertical face of the excavation used 
for volumetric moisture content determination. 
A RIMIK recording cone penetrometer (Agridry Rimik PTY Ltd., Toowoomba, 
Queensland, Australia) was also used to determine soil mechanical resistance at 1.5 
cm intervals between surface grade and a depth of 30 cm. The probe was equipped 
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with a 1.3 cm basal diameter 30° cone tip. The opposing force exerted by soil (soil 
penetration resistance) is a function of the applied force with which the tip is being 
advanced through the soil matrix. An audible alarm helps the user maintain a 
constant and appropriate probe tip velocity (~0.1 m/s) through the soil thus 
minimizing acceleration and resulting variations in applied force (error) due to 
acceleration alone. 
The RIMIK penetrometer was inserted at three locations adjacent to each 
subsampling station (15 per plot). Level mineral soil was exposed at each sampling 
location by removal of wood chips where present on the surface. The maximum 
detection limit for the RIMIK penetrometer was approximately 5,000 kPa and these 
readings were not used in calculating average soil strength values or considered in 
statistical analyses. In instances where initial readings were unable to be recorded 
due to hard ground restricting probe advancement, these readings were also not 
used. Repeated attempts were made where refusal was suspected to have been 
caused by coarse fragments. 
Average SMR calculated over a range from 9-12 cm was compared to SMR 
determined using the hand-held force gauge at 10 cm. A comparison of SMR 
determination methods is discussed in Section 5.5. 
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Derived data generated using averages calculated from a number of different depth 
ranges were used to evaluate changes in soil strength with depth across the upper 
30 cm of the soil profile. 
3.8.9. Strength and Moisture Relationship 
Soil strength can be used to gauge a soil's physical condition; however, it is also 
strongly correlated with moisture content. This limits its usefulness for assessing 
soil physical condition without an understanding of the soil strength and moisture 
relationship. Busscher (1990) used a variety of equations in the regression of 
moisture content against SMR in an effort to adjust SMR for moisture content. It 
was recommended to use a single equation to ensure differences detected were due 
to true differences between measurements rather than between selected equations. 
An exponential decay curve (Eqn. 3.11) was fitted to plots generated using SMR and 
moisture content data for each individual treatment plot as a means to normalize soil 
strength and eliminate the effects of soil moisture content. 
Eqn. 3.11 y = ae"bx 
where y = soil strength, and x = moisture content, a is the y-intercept, 
and b a parameter describing the shape of the curve. 
Logarithmic and cubic regressions were also evaluated (data not reported) using the 
curve fitting function in SPSS 14.0; however, these generally resulted in lower R2 
values than obtained for the exponential function across all treatments. 
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3.8.10. Least Limiting and Non-Growth Limiting Water Ranges 
The upper limit of the LLWR was calculated using thresholds for physical properties 
consistent with da Silva et al. (1994). The upper limit of the LLWR was the lower 
value of either 0IO%AFP or FC. The lower limit moisture content was the higher value 
of 82,500 kPa or PWP. Given that the upper limit was in part based on the classical 
concept of water availability, a second property termed the non-growth limiting water 
range (NLWR) was evaluated using an upper limit of 6-IO%AFP regardless of FC. 
The LLWR and NLWR were determined for individual treatment plots and were both 
evaluated using analysis of variance (ANOVA). Where upper limit values were less 
than the lower limit values, a "0" was assigned for the purposes of ANOVA. For 
regression analyses against measures of seedling performance, negative LLWR 
values were included in the analysis. 
3.9. Assessment of Non-coniferous Species 
3.9.1. Biomass 
Based on site observations in 2004 indicating a high potential for herbaceous ground 
cover species to compete with planted seedlings, a biomass sampling program was 
implemented. Photograph 7 (Appendix 3) provides a view of the dense clover 
(Trifolium spp.) cover on the control plot at Aitken. In July 2005, at a time where 
sites were anticipated to be at or near peak biomass, above ground non-coniferous 
biomass samples were collected using hand clippers. Biomass samples were 
collected from within a temporary 0.5 m x 0.5 m plot adjacent to each substation 
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marker. Samples were placed in paper bags and shipped to UNBC for analysis. 
Samples were air-dried and subsequently placed in an oven for 48 hours at 70°C 
before their oven-dried weight was determined. 
3.9.2. Ground Cover Estimation 
Herbaceous ground cover was estimated within the 0.5 m x 0.5 m plot prior to 
collection of trimmings for biomass sampling. Estimates (to the nearest 5%) were 
completed visually and reflected the percent of the ground obscured by all species of 
herbaceous plants present. 
3.10. Assessment of Coniferous Species 
In September 2005, tree height, survivorship, relative vigour, and the relative 
abundance of adjacent ground cover were measured as indicators related to 
seedling performance. These properties were assessed individually for both pine 
and spruce tree species. 
3.10.1. Tree Height and Leader Mortality 
Tree height (after two years of growth) was measured from the root collar to the 
base of the top bud on the leader. Where the leader had died, the last bud on the 
longest lateral was used in its place. In order to assess incremental growth in the 
future, leader mortality, where encountered, was noted and counts reported as a 
percentage. 
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3.10.2. Survival 
Individual counts of the number of living pine and spruce seedlings were performed 
on each plot. Results were recorded as a percentage of the total number of trees of 
a given species planted per plot and were reported as survivorship. 
3.10.3. Relative Vigour 
Relative vigour (i.e., poor, medium, good) was based on the visual condition of the 
tree, which relied primarily on colour, but also on crown volume and needle size. 
Counts of observations within each vigour class were reported as percentages 
individually for pine and spruce species. Examples of the various classes of relative 
vigour have been provided in Photographs 8 through 13 (Appendix 3). 
3.11. Site Maintenance 
Observations from site visits in the summer of 2004 indicated that significant 
competition from ground cover crops (i.e., grasses, clover, etc.) was occurring on 
many plots even where brush control methods had been employed such as tillage 
and brush mats. Manual vegetation control was carried out on two separate 
occasions across sites whereby vegetation was brushed away from seedlings and 
gently flattened. This treatment was not expected to impact soil properties. 
Vegetation control was not exercised on the control plots, as competition was one of 
the anticipated effects. This procedure likely temporarily increased the amount of 
light available to seedlings during the growing season and may have improved 
seedling performance relative to the control. 
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During site visits in 2004, it was apparent that domestic cattle had impacted plots on 
the Bernadet and Blueberry sites. This was unexpected as the sites are located 
outside of grazing leases, and conversations with local ranchers resolved that cattle 
were not in the area. Some damage to seedlings was initially observed, however, 
severity of impacts was difficult to assess at the time. Fences were constructed 
around the treatment plots at the two sites to eliminate further incursions. In the fall 
of 2005, damage to seedlings was considered to be limited. Cattle and/or wildlife 
were also thought to be responsible for the removal of some of the brush mats at the 
sites. 
3.12. Statistical Analysis 
The experiment follows a randomized block design with "site" (block) considered to 
be a random variable, and the randomly assigned (within sites) soil rehabilitative 
treatments ("Treatments") considered a fixed variable. A one-way ANOVA was 
used to evaluate all treatment effects. 
All statistical analyses were performed using SPSS 14.0. Due to its relative ease for 
executing planned comparisons, general linear model (GLM) procedures were used. 
It should be noted that GLM and Mixed Proc reported similar statistical parameters 
for the ANOVAs for all properties analyzed. Planned comparisons using GLM 
methods were completed to test hypotheses formulated at the outset of the 
experiment. 
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Where the overall ANOVA indicated significant treatment effects (p<0.05), post-hoc 
Tukey's HSD adjusted pairwise comparisons were used to evaluate specific 
treatment effects. Results for these comparisons are presented in summary 
matrices for individual properties. Tukey's HSD was used to protect against 
increased Type 1 errors. These findings were considered more exploratory in nature 
as opposed to capstone findings of this study. Overall ANOVA results have been 
provided in tabular form along with descriptive statistics throughout Section 4. 
Effects due to "site", or those between blocks, are not typically tested for a number 
of reasons described by Sokal and Rohlf (1995) including the presence of an 
unknown amount of restriction error. 
3.12.1. Planned Comparisons 
Planned comparisons were executed using syntax command in SPSS 14.0, were 
used to evaluate differences among means of grouped treatments that shared 
meaningful characteristics depending on the subject variable under consideration. 
The mean square error term (MSe) in the planned comparisons is the same as that 
in the overall ANOVA for the subject variable, and therefore is not reported in 
individual summary tables in Section 4. Where planned comparisons demonstrated 
significant differences between grouped means, or contrasts were of primary 
importance, a bar chart summarizing means for grouped treatments, along with two 
units of standard deviation, has been provided. 
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In accordance with statistical procedures discussed by Sit (1995), planned 
comparisons were conducted without reviewing associated ANOVA results, even if 
they indicated no significant treatment effects related to a given property. This 
approach was considered suitable given that certain treatments shared certain 
characteristics that justified their grouping with other treatments on a variable-
dependent basis. To protect against increased Type 1 errors, only a limited number 
of targeted planned comparisons were executed for the most meaningful of 
properties. 
The experimental design facilitated the evaluation of a 2 x 2 ("tillage x no tillage" and 
"mulch x no mulch") factorial embedded within the treatments. The interaction term 
between tillage and mulch was evaluated and found to be insignificant for all 
properties measured. This enabled treatments involving tillage and mulch 
applications to be grouped depending on the properties being evaluated. 
The rationales behind the treatment groupings used for the planned comparisons 
are provided in the following sections. 
3.12.1.1. Soil Chemistry 
The physical alteration of soil experienced in treatments T and TM is similar to that 
of conventional tillage, a procedure often used to increase soil fertility in agricultural 
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settings. The following null hypothesis was tested in order to evaluate the 
differences in nutrient status between untitled (C+B+M) and tilled (T+TM) soils. 
H1:C+B+M = T+TM 
The incorporated treatment (INC) was not included on the "tilled" side of the 
equation above given that it involves directly altering the soil chemical and physical 
composition via addition of wood chips. Effects on soil chemical composition due to 
INC were evaluated separately with the following contrasts, likewise expressed as 
null hypotheses: 
H2: C+B+M = INC; and 
H3: T+TM = INC 
A fourth null hypothesis was evaluated due to the potential for organic amendments 
(mulch application or incorporation) to contribute to the soil nutrient regime via 
decomposition and translocation of soluble carbon, organic N, and other nutrients 
during throughout decomposition. 
H4: C+B+T = M+TM+INC 
3.12.1.2. Soil Physical Properties 
The rationales for planned comparisons provided in this section apply not only to 
bulk density, AFP, water retention characteristic data, and LLWR, but also to SMR 
data collected during multiple site visits (later referred to as monitoring data). 
Untilled plots (C+B+M) were grouped together on the assumption that the physical 
condition of the soil was not altered due to treatment (i.e., via mulch application and 
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brush mat installation) over the short term. Tilled treatments (T+TM) were also 
grouped based on a similar assumption. The INC treatment was not included in the 
"tilled group" given that it involves directly altering the soil physical composition via 
addition of wood chips and involved an additional mixing procedure. It should be 
noted that the independence of the LLWR and NLWR from moisture content 
supports grouping the mulch treatments with their "no mulch" counterparts for these 
properties. 
The null hypotheses tested were the same as described for soil chemical properties 
(Section 3.12.1.1; however, H4 was not considered applicable. These comparisons 
reflect the potential for soil structure and pore distribution to be affected by tillage 
and also by the incorporation of wood chips into the soil profile. The results from 
testing these hypotheses across a range of measures related to soil physical 
condition are presented in the following sections. 
3.12.2. Soil Moisture and Temperature 
In order to evaluate differences between treatments with respect to soil moisture 
content and temperature monitoring data from multiple site visits, different groupings 
of treatments were required than used above for other soil physical properties. This 
was due to the potential effect of the mulch applications on both moisture and 
temperature between treatments. As stated earlier, the "tillage x mulch" interaction 
term was insignificant for both temperature and moisture content. 
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The "no mulch" x "mulch" comparison (C+T = M+TM) was used to evaluate the effect 
of the mulch application, regardless of tillage (H1). The influence of the INC 
treatment relative to the "no mulch" and "mulch" groups defined above was also 
evaluated individually (H2 and H3). The associated null hypotheses are stated 
below. 
H1: C+T = M+TM; 
H2: C+T = INC; and 
H3: T+TM = INC 
3.12.3. Evaluation of Coniferous Species 
Planned comparisons with respect to measures of tree response were designed to 
evaluate the effect of tillage relative to untilled treatments (H1) as well as the effect 
of mulch relative to those treatments without mulch (H2). The 2 x 2 embedded 
factorial ("tillage x no tillage" and "mulch x no mulch") was utilized to evaluate these 
effects. B and INC treatments were specifically excluded from these contrast 
equations given their poor fit within group definitions. It should be noted that 
interaction terms between tillage and mulch were determined to be insignificant, 
justifying their grouping in contrasts H1 and H2 described below. 
The effect of potential competition from herbaceous ground cover species on untilled 
plots was evaluated through contrasting C against B (H3). In addition, evaluating 
the effect of incorporating wood chips into the soil profile, as opposed to spreading 
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them as a mulch, was accomplished by contrasting TM against INC (H4). These null 
hypotheses are presented below. 
H1:C+M = T+TM; 
H2: C+T = M+TM; 
H3: C = B; and 
H4: TM = INC 
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4. RESULTS 
4.1. Soil Rehabilitation Treatments 
Based on observations during site visits, it appears that the prescribed soil 
rehabilitation treatments were successfully implemented on all sites. These 
observations confirmed the approximate depth of tillage and the application 
thickness of surface mulches. Wood chip mulch had a mean thickness of 5.8 cm 
(standard deviation [st.dev], 0.9) for the M treatment and a mean thickness of 5.3 cm 
(st.dev 1.2) for the TM treatment. The mulch applications met the qualitative targets 
in that thicknesses were generally consistent between treatments and were similar 
to adjacent undisturbed forest floor depth. 
4.2. Soil Chemistry 
4.2.1. Site Characteristics 
Soil nutrient status is considered to be a key component of soil productivity and was 
measured across all sites. No statistical tests were completed due to the low 
number of samples used to estimate means at offsite locations in adjacent 
undisturbed forests. Differences due to "site" in the statistical model were also not 
evaluated, as this was not the intent of the experimental design employed. Rather, 
offsite samples were analyzed to provide a qualitative comparison of differences 
between onsite conditions and those found in adjacent undisturbed forests. 
Results summarized in Table 4.1 for key soil nutrients and chemical properties are 
site averages (i.e., all treatments were pooled on a given site). These results 
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indicated that soil nutrient status was variable among sites with a broad range for 
total C, N, and P, as well as mineralizable-N. If ranked in terms of soil nutrient 
status with respect to these properties, Aitken and Bemadet were typically the 
highest with Blackhawk being lowest (i.e., most nutrient poor). The offsite location at 
Blackhawk was also the most nutrient poor, although only marginally, based on the 
limited results. 
Soil pH was observed to be relatively lower at offsite locations relative to respective 
onsite averages. A similar trend was noted for CEC with the exception of Blackhawk 
(Table 4.1). Trends for the remainder of the chemical properties were inconsistent; 
however, mineralizable-N at Blackhawk (4.43 ppm) was notably lower than its 
respective offsite value (12.74 ppm). 
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Table 4.1 Summary of onsite (pooled treatments) and offsite soil chemical properties (0 to 
17 cm depth). 
Variable 
Total C 
(%) 
Total N 
(%) 
C:N 
MinN 
(ppm) 
Avail. P 
(ppm) 
CEC 
(cmol 
[+]/kg) 
PH 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Onsite 
(st.dev) 
Offsite 
Aitken 
2.53 
(0.54) 
1.07 
0.17 
(0.03) 
0.100 
14.8 
(1.4) 
10.7 
59.50 
(10.82) 
27.36 
9.80 
(1.37) 
15.28 
14.24 
(1.67) 
5.85 
6.06 
(0.40) 
4.60 
Blueberry 
1.44 
(0.38) 
1.38 
0.12 
(0.01) 
0.106 
11.9 
(2.9) 
12.9 
14.40 
(5.11) 
14.68 
2.18 
(0.30) 
4.95 
18.87 
(1.81) 
8.07 
7.94 
(0.13) 
4.59 
Bernadet 
2.35 
(0.74) 
2.85 
0.16 
(0.03) 
0.184 
14.6 
(1.7) 
15.5 
40.06 
(20.00) 
40.37 
13.81 
(4.21) 
11.15 
11.65 
(1.80) 
9.76 
5.36 
(0.32) 
4.62 
Boot Lake 
1.74 
(0.32) 
1.58 
0.10 
(0.02) 
0.084 
18.2 
(3.5) 
18.9 
12.71 
(8.03) 
17.85 
3.21 
(1.01) 
10.33 
19.52 
(1.17) 
5.71 
7.74 
(0.13) 
5.06 
Blackhawk 
1.24 
(0.09) 
0.92 
0.06 
(0.01) 
0.080 
22.2 
(1.7) 
11.6 
4.43 
(2.83) 
12.74 
3.50 
(0.43) 
7.46 
14.71 
(1.35) 
15.03 
7.97 
(0.14) 
7.13 
4.2.2. Planned comparisons 
Planned comparisons were completed to evaluate the influence of tillage and the 
use of organic amendments on key soil chemical properties. Results of the planned 
comparisons are provided in Table 4.3. 
Table 4.3 Summary of planned comparisons for soil chemical properties (0 to 17 cm depth). 
Significance (*) was assessed at p<0.05. 
Contrast 
H1:C+B+M = T+TM 
H2: C+B+M = INC 
H3: T+TM = INC 
H4: C+B+T = M+TM+INC 
Total C (%) 
F 
0.058 
0.655 
0.890 
3.523 
P 
0.812 
0.428 
0.357 
0.075 
Total 
F 
0.378 
0.115 
0.019 
1.875 
M (%) 
P 
0.546 
0.738 
0.891 
0.186 
Avail. 
F 
0.600 
0.025 
0.528 
3.473 
3
 (PPm) 
P 
0.448 
0.876 
0.476 
0.077 
Mln N (ppm) 
F 
0.483 
0.002 
0.312 
1.160 
P 
0.495 
0.966 
0.583 
0.294 
C:N 
F 
2.807 
0.686 
4.119 
1.124 
P 
0.109 
0.417 
0.056 
0.302 
CEC (cmol[+]/kg) 
F 
0.056 
8.952 
6.990 
1.710 
P 
0.815 
0.007* 
0.016* 
0.206 
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None of C, N, or P were significantly affected by the addition of wood chips as a part 
of the rehabilitative treatment (mulch or incorporated application). Despite the 
coarse nature of the amendment used in this study, N immobilization was a concern. 
The results of the planned comparisons indicated that the INC treatment did not 
significantly affect C:N or mineralizable-N concentrations when compared to both 
untilled (H2) and tilled plots (H3). 
Based on planned comparisons (H2 and H3), there was a significant treatment effect 
on CEC. The INC treatment increased CEC by more than 2 cmol[+]/kg relative to 
both the untilled (C+B+M, p=0.007) and tilled (T+TM, p=0.016) treatments. 
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Figure 4.1 Summary of planned comparisons for CEC. Different letters denote significantly 
different means assessed at p<0.05. Error bars represent 2 standard deviations in all bar 
charts. 
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15.38 15.52 17.62 
4.2.3. ANOVA 
Descriptive statistics for soil chemistry results are provided in Table 4.2 along with a 
summary of the ANOVA results. No significant treatment effects were observed 
based on the results of the ANOVA; therefore, no post-hoc comparisons were 
carried out. 
Table 4.2 Summary of descriptive statistics and ANOVA results for soil chemical analyses 
(0 to 17 cm depth). No significant differences between treatment means were identified 
(assessed at p<0.05). Treatment coding is as follows: C = control, B = brush mat, M = 
mulch, T = till, TM = till + mulch, INC = incorporation. 
Variable 
Total C (%) 
Total N (%) 
Avail. P (ppm) 
Min N (ppm) 
C:N 
EC (mS/cm) 
PH 
C 
Mean 
Stdev 
1.74 
0.49 
0.111 
0.043 
5.51 
4.48 
21.08 
25.17 
16.7 
3.9 
0.094 
0.042 
7.02 
1.31 
B 
Mean 
Stdev 
1.65 
0.61 
0.115 
0.050 
6.27 
4.39 
23.30 
25.15 
15.6 
5.1 
0.106 
0.048 
6.93 
1.41 
M 
Mean 
Stdev 
2.13 
0.79 
0.129 
0.062 
7.17 
6.45 
31.11 
31.42 
17.7 
3.5 
0.107 
0.060 
6.90 
1.32 
T 
Mean 
Stdev 
1.70 
0.48 
0.120 
0.043 
5.69 
3.71 
27.41 
24.34 
15.3 
5.1 
0.109 
0.056 
7.17 
1.23 
TM 
Mean 
Stdev 
1.89 
1.10 
0.126 
0.055 
8.20 
7.99 
29.52 
20.49 
14.9 
4.1 
0.103 
0.043 
6.90 
1.22 
INC 
Mean 
Stdev 
2.04 
0.58 
0.122 
0.042 
6.16 
3.91 
24.90 
23.59 
17.6 
4.8 
0.121 
0.044 
7.16 
0.88 
df 
5 
5 
5 
5 
5 
5 
5 
MSe 
0.225 
4.0E-04 
3.939 
135.675 
5.130 
2.0E-04 
0.058 
F 
0.859 
0.542 
1.302 
0.537 
1.432 
2.011 
1.372 
P 
0.525 
0.743 
0.303 
0.746 
0.256 
0.121 
0.277 
R2 
0.177 
0.119 
0.246 
0.118 
0.264 
0.335 
0.255 
Exchangeable Cations 
Al (cmol[+]/kg) 
Ca (cmol[+]/kg) 
Fe (cmol[+]/kg) 
K (cmol[+]/kg) 
Mg (cmol[+]/kg) 
Mn (cmol[+]/kg) 
Na (cmol[+]/kg) 
CEC (cmol[+]/kg 
0.248 
0.535 
11.621 
4.559 
0.002 
0.005 
0.257 
0.087 
3.011 
0.779 
0.057 
0.092 
0.063 
0.031 
15.26 
4.22 
0.241 
0.462 
11.569 
3.896 
0.005 
0.008 
0.225 
0.051 
3.363 
1.140 
0.058 
0.085 
0.134 
0.076 
15.59 
3.91 
0.194 
0.364 
11.467 
3.482 
0.003 
0.004 
0.238 
0.078 
3.140 
0.955 
0.124 
0.171 
0.117 
0.069 
15.28 
3.00 
0.198 
0.427 
11.315 
4.450 
0.002 
0.003 
0.243 
0.067 
3.540 
1.392 
0.045 
0.059 
0.161 
0.133 
15.50 
4.65 
0.160 
0.328 
11.298 
2.770 
0.003 
0.003 
0.282 
0.147 
3.519 
1.218 
0.107 
0.144 
0.164 
0.144 
15.53 
2.53 
0.031 
0.063 
13.484 
3.077 
0.001 
0.002 
0.237 
0.076 
3.728 
1.099 
0.058 
0.081 
0.082 
0.052 
17.62 
2.56 
5 
5 
5 
5 
5 
5 
5 
5 
0.028 
1.803 
5.5E-06 
0.003 
0.186 
0.003 
0.005 
2.107 
1.150 
1.953 
1.485 
0.777 
1.942 
1.717 
1.857 
1.935 
0.367 
0.130 
0.239 
0.578 
0.132 
0.177 
0.147 
0.133 
0.223 
0.328 
0.271 
0.163 
0.327 
0.300 
0.317 
0.326 
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4.3. Soil Texture and Coarse Fragment Content 
Soils were generally moderately fine in texture (clay loams and silty clay loams) at all 
sites except for Blackhawk (loam), which had a notably higher average sand content 
of 41% (pooled treatments). Rehabilitative treatments were not anticipated to 
influence texture and ANOVA results indicated clay content was not significantly 
affected by soil rehabilitative treatments (p=0.745). Table 4.4 summarizes soil 
texture results from particle size analyses conducted on soil samples collected from 
treatment plots, offsite, and at selected degraded areas. 
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Table 4.4 Summary by site of particle size analyses and texture classes for individual plots 
(0 to 17 cm depth). 
Site 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Treatment 
C 
B 
M 
T 
TM 
INC 
Offsite 
Degraded 
C 
B 
M 
T 
TM 
INC 
Offsite 
Degraded 
C 
B 
M 
T 
TM 
INC 
Offsite 
Degraded 
C 
B 
M 
T 
TM 
INC 
Offsite 
Degraded 
C 
B 
M 
T 
TM 
INC 
Offsite 
Degraded 
Clay (%) 
24.7 
29.9 
28.8 
30.2 
28.1 
29.1 
16.2 
32.0 
32.2 
35.7 
27.8 
36.0 
36.1 
32.1 
21.9 
36.2 
29.2 
32.8 
29.1 
27.9 
27.8 
33.4 
31.0 
27.3 
30.6 
27.6 
28.2 
29.8 
27.1 
25.5 
9.9 
28.0 
18.8 
16.7 
18.8 
16.2 
15.4 
21.3 
22.1 
22.6 
Silt (%) 
48.7 
45.1 
47.4 
46.2 
48.4 
46.7 
58.1 
45.6 
47.0 
47.8 
43.7 
47.9 
48.6 
44.2 
61.5 
44.2 
52.8 
48.8 
50.4 
53.0 
51.9 
49.8 
51.9 
49.6 
41.4 
49.7 
48.6 
47.6 
49.2 
50.7 
66.9 
47.3 
43.5 
38.7 
40.6 
37.9 
42.9 
43.8 
58.2 
43.0 
Sand(%) 
26.6 
25.0 
23.7 
23.7 
23.6 
24.2 
25.7 
22.4 
20.8 
16.5 
28.5 
16.1 
15.3 
23.7 
16.6 
19.6 
17.9 
18.4 
20.6 
19.1 
20.3 
16.8 
17.1 
23.1 
27.9 
22.7 
23.2 
22.5 
23.7 
23.9 
23.3 
24.7 
37.7 
44.6 
40.5 
45.8 
41.7 
34.9 
19.7 
34.4 
Texture Class 
Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Silt Loam 
Clay Loam 
Clay Loam 
Silty Clay Loam 
Clay Loam 
Silty Clay Loam 
Silty Clay Loam 
Clay Loam 
Silt Loam 
Silty Clay Loam 
Silty Clay Loam 
Silty Clay Loam 
Clay Loam 
Silty Clay Loam 
Clay Loam 
Silty Clay Loam 
Silty Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Clay Loam 
Silt Loam 
Silt Loam 
Clay Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Silt Loam 
Loam 
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Coarse fragment content (volumetric) ranged from approximately 4% (Aitken) to 
10% (Blackhawk) across sites. Results are summarized in Figure 4.2. 
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Figure 4.2 Summary by site of mean coarse mineral fragment content (0 to 17 cm depth). 
4.4. Soil Physical Properties 
Soil physical properties were evaluated for two discrete depth intervals; 0 cm to 7 cm 
(shallow), and 10 cm to 17 cm (deep). Statistical analyses were conducted 
individually for the two intervals and their results reported separately in the following 
sections. Averages between the two intervals were also used as derived variables 
in determining the LLWR. 
Tables 4.5a and 4.5b summarize descriptive statistics and ANOVA results for soil 
physical properties collected from the upper and lower depth intervals, respectively. 
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Soil physical properties that were monitored throughout the growing season are 
presented in Section 4.5. 
Table 4.5a Descriptive statistics and ANOVA summaries for soil physical properties 
measured in the upper depth interval (0-7 cm). X denotes analyses performed on a 0.517 L 
bulk density core. Y denotes analyses performed on a 0.039 water retention core. 
Response 
Variable 
BDff (g/cm3)x 
RBD (%)x 
Coarse Organic 
>4.5 mm (g)x 
AFP 
(%v/v)x 
Total Porosity 
(%v/v)x 
Total Porosity 
(%v/v)y 
0 (%v/v) 
at 5 J/kgy 
9 (%v/v) at 
FC(10J/kq)y 
9 (%v/v) 
at 33 J/kqy 
9 (%v/v) 
at190J/kg y 
9 (%v/v) 
at 300 J/kgy 
0 (%v/v) at 
PWP(1500J/kg)y 
AWSCy 
(%v/v) 
Aeration Porosity 
(%)y 
C 
Mean 
St.dev 
1.43 
0.13 
81.9 
5.1 
0.24 
0.33 
11.7 
5.5 
43.1 
5.7 
40.8 
5.1 
33.6 
7.2 
32.3 
7.0 
29.7 
7.3 
26.7 
6.2 
24.5 
5.4 
21.7 
4.8 
8.0 
3.1 
8.5 
3.7 
B 
Mean 
St.dev 
1.41 
0.17 
80.7 
7.9 
0.24 
0.33 
9.0 
3.0 
43.7 
7.3 
42.0 
7.6 
36.8 
7.8 
35.7 
7.2 
32.3 
7.2 
29.0 
6.0 
26.9 
5.6 
24.0 
4.7 
8.4 
2.5 
6.3 
1.9 
M 
Mean 
St.dev 
1.40 
0.17 
80.3 
8.3 
0.81 
1.17 
5.9 
2.8 
43.8 
6.0 
42.6 
6.9 
38.2 
6.8 
37.0 
6.2 
33.7 
5.4 
30.2 
4.5 
27.8 
4.0 
25.5 
3.5 
8.2 
2.8 
5.6 
2.6 
T 
Mean 
St.dev 
1.26 
0.13 
72.5 
4.7 
1.19 
1.37 
26.0 
8.9 
50.4 
5.6 
47.4 
7.4 
36.4 
5.8 
34.0 
6.0 
30.9 
6.3 
27.0 
5.9 
24.6 
5.6 
21.7 
5.6 
9.1 
0.9 
13.5 
6.9 
TM 
Mean 
St.dev 
1.27 
0.21 
72.5 
10.0 
2.04 
2.17 
18.2 
12.2 
50.1 
8.5 
48.0 
8.5 
37.8 
4.6 
35.7 
5.3 
31.8 
6.3 
28.2 
5.8 
25.5 
5.7 
22.5 
5.4 
9.4 
1.6 
12.2 
9.6 
INC 
Mean 
St.dev 
1.07 
0.07 
61.9 
7.0 
15.95 
3.29 
30.5 
7.6 
57.9 
3.2 
52.4 
7.5 
40.9 
4.1 
38.0 
4.9 
33.6 
4.8 
29.1 
4.7 
26.7 
4.5 
24.4 
4.5 
9.2 
1.8 
14.4 
9.4 
F 
6.094 
5.910 
94.289 
10.761 
9.227 
2.800 
2.805 
2.184 
1.553 
1.152 
1.172 
1.883 
0.561 
1.776 
P 
0.001 
0.002 
0.000 
0.000 
0.000 
0.045 
0.045 
0.097 
0.219 
0.367 
0.357 
0.142 
0.728 
0.164 
df 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
MSe 
0.015 
49.264 
2.026 
44.605 
18.238 
35.781 
10.238 
9.836 
7.848 
7.785 
7.820 
6.453 
3.128 
40.037 
R2 
0.604 
0.596 
0.959 
0.729 
0.698 
0.412 
0.412 
0.353 
0.280 
0.224 
0.227 
0.320 
0.123 
0.307 
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Table 4.5b Descriptive statistics and ANOVA summaries for soil physical properties 
measured in the lower depth interval (10-17 cm). X denotes analyses performed on a 0.517 
L bulk density core. Y denotes analyses performed on a 0.039 L water retention core. 
Response 
Variable 
BDff (g/cm3)x 
RBD (%)x 
Coarse Organic 
>4.5 mm (q)x 
AFP 
(%v/v)x 
Total Porosity 
(%v/v)x 
Total Porosity 
(%v/v)y 
8 (%v/v) 
at 5 J/kgy 
9 (%v/v) at 
FC(10J/kq)y 
0 (%v/v) 
at 33 J/kqy 
9 (%v/v) 
at100J/kqy 
9 (%v/v) 
at 300 J/kgy 
0 (%v/v) at 
PWP(1500J/kg)y 
AWSCy 
(%v/v) 
Aeration Porosity 
(%)y 
C 
Mean 
St.dev 
1.60 
0.13 
91.8 
3.2 
0.00 
0.00 
5.9 
2.9 
37.5 
6.0 
38.5 
4.3 
35.2 
3.9 
34.5 
3.8 
32.3 
4.4 
29.8 
3.2 
27.5 
2.4 
24.7 
1.5 
7.6 
3.2 
4.1 
1.2 
B 
Mean 
St.dev 
1.57 
0.10 
90.1 
4.5 
0.68 
1.18 
6.5 
2.2 
38.8 
4.5 
37.4 
3.4 
34.6 
5.3 
34.0 
5.2 
31.5 
5.6 
29.1 
4.9 
27.2 
4.5 
24.6 
3.8 
6.8 
1.9 
3.6 
1.6 
M 
Mean 
St.dev 
1.52 
0.14 
87.1 
3.2 
0.90 
1.12 
5.5 
1.3 
39.9 
5.9 
38.6 
4.6 
35.2 
5.2 
34.6 
5.2 
31.9 
5.6 
29.2 
4.7 
28.1 
5.2 
25.1 
4.1 
6.8 
2.0 
4.0 
2.3 
T 
Mean 
St.dev 
1.36 
0.09 
78.4 
4.1 
0.53 
0.63 
14.7 
6.6 
46.4 
4.2 
42.7 
7.5 
37.4 
5.7 
35.8 
5.6 
33.2 
5.5 
29.5 
4.9 
27.2 
4.5 
24.6 
4.8 
8.6 
1.3 
6.9 
3.8 
TNI 
Mean 
St.dev 
1.30 
0.19 
74.6 
8.7 
1.05 
1.20 
11.8 
9.0 
48.6 
7.3 
46.3 
7.6 
39.1 
7.3 
37.3 
7.2 
33.5 
7.2 
29.7 
6.3 
27.1 
5.6 
24.3 
5.8 
9.3 
1.4 
9.1 
5.8 
INC 
Mean 
St.dev 
1.24 
0.18 
71.4 
10.9 
9.50 
10.85 
15.8 
8.1 
51.4 
8.2 
47.6 
4.1 
41.8 
3.6 
40.1 
3.0 
36.0 
2.7 
31.3 
2.3 
28.6 
2.2 
25.9 
2.5 
10.1 
2.4 
7.5 
2.0 
F 
10.571 
9.843 
3.400 
4.359 
9.949 
5.719 
3.766 
2.914 
2.078 
0.785 
0.424 
0.338 
2.714 
3.569 
P 
0.000 
0.000 
0.022 
0.008 
0.000 
0.002 
0.014 
0.039 
0.111 
0.572 
0.827 
0.884 
0.050 
0.018 
df 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
MSe 
0.011 
37.232 
19.479 
24.876 
16.645 
16.743 
10.534 
9.163 
6.471 
4.213 
4.544 
4.473 
3.330 
7.247 
R2 
0.725 
0.711 
0.459 
0.521 
0.713 
0.588 
0.485 
0.421 
0.342 
0.164 
0.096 
0.078 
0.404 
0.472 
4.4.1. Bulk Density 
4.4.1.1. Site Characteristics 
A review of the bulk density values presented in Table 4.6 suggest that growth-
limiting conditions with respect to relative bulk density (RBD) (>85%) would be 
expected on all sites with the exception of Aitken, thus potentially making them good 
candidates for soil rehabilitation. It should be noted that offsite RBDs were 
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determined via the Proctor method conducted on large volume samples collected 
from within the boundaries of the well site as opposed to an undisturbed offsite 
sampling location. Relative bulk densities calculated for offsite samples are 
provided for general comparison only. With the exception of Aitken, bulk density 
was lower at offsite locations (Table 4.6). 
Table 4.6 A comparison of mean bulk density-related properties among sites and at 
adjacent offsite locations. Unfilled values represent an average of the C, B, and M 
treatments. 
Site 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
BDff 
(g/cm3) 
Unfilled 
1.32 
1.57 
1.39 
1.52 
1.62 
Offsite 
1.34 
1.51 
1.27 
1.25 
1.31 
RBD 
(%) 
Untitled 
78 
90 
86 
86 
85 
Offsite 
80 
87 
79 
72 
70 
MBD 
(g/cm3) 
Onsite 
1.69 
1.74 
1.61 
1.77 
1.91 
4.4.1.2. Planned Comparisons 
Treatments were determined to have a significant effect on both BDff and RBD. The 
means for grouped treatments being evaluated are presented in Figures 4.3 and 4.4. 
Details on the planned comparisons and their associated hypotheses are provided in 
Table 4.7. 
Table 4.7 Summary of planned comparisons for BDff and RBD. Significance (*) was 
assessed at p<0.05. 
Contrast 
H1:C + B + M = T+TM 
H2: C + B + M = INC 
H3: T + TM = INC 
BD f f (g/cm3) 
(0 cm to 7 cm) 
F 
8.517 
28.658 
8.248 
P 
0.008* 
0.000* 
0.009* 
RBD (%) 
(0 cm to 7 cm) 
F 
8.683 
27.576 
7.588 
P 
0.008* 
0.000* 
0.012* 
BD„ (g/cm3) 
(10 cm to 17 cm) 
F 
29.653 
36.493 
2.679 
P 
0.000* 
0.000* 
0.117 
RBD (%) 
(10 cm to 17 cm) 
F 
27.881 
33.484 
2.310 
P 
0.000* 
0.000* 
0.144 
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Tillage significantly reduced BDff and RBD relative to untilled treatments in both 
shallow and deep intervals. INC was determined to have lower BDff and RBD than 
untilled treatments in both depth intervals; however, these values are significantly 
lower than tilled treatments only in the shallow interval. 
10-17 
C+B+M T+TM 
Grouped Treatments 
C+B+M T+TM INC 
Grouped Treatments 
Figure 4.3 Comparison of group means between untilled (C+B+M), tilled (T+TM), and the 
incorporated treatment (INC) for BDff measured at two discrete depth intervals (0 cm to 7 cm 
and 10 cm to 17 cm). Means sharing the same letter are not significantly different from each 
other at the p=0.05 level. 
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Figure 4.4 Comparison of group means between untilled (C+B+M), tilled (T+TM), and the 
incorporated treatment (INC) for relative bulk density measured at two discrete depth 
intervals (0 cm to 7 cm and 10 cm to 17 cm). Means sharing the same letter are not 
significantly different from each other at the p=0.05 level. 
Figure 4.5 graphically demonstrates the relative strength of the relationship between 
total porosity (/tot) and the coarse organic fragment content for samples collected 
from the INC treatment compared to other treatments. This suggests the presence 
of many air-filled pores associated with embedded wood chips. The INC treatment 
also had the highest AFP for both depth intervals. 
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Figure 4.5 Scatterplot of total porosity and coarse organic fragment content (>4.5 mm) for 
individual treatments showing averages calculated data between both depth intervals. 
4.4.1.3. ANOVA and Post-hoc Multiple Comparisons 
Based on the ANOVA results, similar R2 values for BDff (R2=0.604) and relative bulk 
density (R2=0.596) suggest neither property was superior for explaining the effect of 
treatment on bulk density-related properties. No post-hoc multiple comparisons 
were carried out for the bulk density data. Adjusting RBD for carbon content may 
have increased the R2 value; however, this would have required a larger sample set 
for determining the MBD and a range in total carbon representative of conditions 
across each site for adjustments to have been meaningful. Figure 4.6 demonstrates 
the range for total carbon observed across all sites and the relationship between 
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total carbon and bulk density for untitled (C+B+M) and tilled (T+TM) groups, as well 
as the INC treatment. 
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Figure 4.6 Plot of total carbon versus BDff for samples from both depth intervals. Lines of 
best fit (and associated R2 value) for linear equations provided. 
Figure 4.6 supports previous results indicating that tillage (and furthermore, the 
incorporation of wood chips) reduces bulk density. Results also suggest that carbon 
is potentially less important of a factor in determining bulk density in INC soils, as 
compared to other treatments. This is likely a result of the large increase in AFP 
observed on the INC treatment. 
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4.4.2. Air Pycnometry 
4.4.2.1. Site Characteristics 
Trends for total porosity across sites were not evaluated, however, would be 
expected to be similar to those observed for bulk density related properties. Air-filled 
porosity (AFP), as measured in the field at the time of sample collection, is strongly 
influenced by soil moisture, and consequently by microclimate, drainage, and 
topography; therefore, differences among sites were not considered relevant. 
4.4.2.2. Planned Comparisons 
Treatments were determined to have a significant effect on both AFP and / tot 
(Figures 4.7 and 4.8). Details on the planned comparisons and their associated 
hypotheses are provided in Table 4.8. 
Table 4.8 Summary of planned comparisons for AFP determined at the time of sampling 
and for total porosity (/tot)- Samples for both properties were collected using 0.517 L bulk 
density cores. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + B + M = T+TM 
H2: C + B + M = INC 
H3: T + TM = INC 
AFP (%v/v) 
(0 cm to 7 cm) 
F 
23.467 
39.462 
5.345 
P 
0.000* 
0.000* 
0.032* 
AFP (%v/v) 
(10 cm to 17 cm) 
F 
12.771 
14.630 
0.888 
P 
0.002* 
0.001* 
0.357 
/to«(%v/v) 
(0 cm to 7 cm) 
F 
14.899 
42.440 
10.660 
P 
0.001* 
0.000* 
0.004* 
/tot (%v/v) 
(10 cm to 17 cm) 
F 
27.352 
35.836 
3.048 
P 
0.000* 
0.000* 
0.096 
Tillage significantly increased AFP and / tot relative to unfilled treatments in both 
shallow and deep intervals. The incorporation of wood chips (INC treatment) also 
significantly increased AFP and / tot relative to untilled and tilled treatments in the 
shallow interval, and relative to only untilled treatments in the deep interval. These 
differences paralleled those observed for bulk density-related properties, which is 
not unexpected given the relationship between porosity and bulk density in soil. 
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Figure 4.7 Comparison of group means between untilled (C+B+M), tilled (T+TM), and 
incorporation treatments (INC) for AFP (at time of sampling) measured at two discrete depth 
intervals (0 cm to 7 cm and 10 cm to 17 cm). Means sharing the same letter are not 
significantly different from each other at the p=0.05 level. 
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Figure 4.8 Comparison of group means between untilled (C+B+M), tilled (T+TM), and 
incorporation treatments (INC) for fto\ measured at two discrete depth intervals (0 cm to 7 
cm and 10 cm to 17 cm). Means sharing the same letter are not significantly different from 
each other at the p=0.05 level. 
76 
4.4.2.3. ANOVA and Post-hoc Multiple Comparisons 
ANOVA indicated significant treatment effects for both properties and that R2 values 
were similar with AFP having a slightly higher value than total porosity. Given the 
dependence of AFP on both moisture content and pore size distribution, these 
results suggest that one or both of these attributes were influenced by treatment. 
4.4.3. Water Retention Characteristics 
Given that treatments were not expected to influence soil texture, treatment effects 
were evaluated at lower tensions. Tillage and wood chip incorporation were 
expected to affect soil structure as well as meso- and macropore distribution. 
Planned comparisons therefore focused on treatment effects at lower tensions. 
Certain treatment means have been grouped where soils were expected to share 
water retention characteristics. ANOVA results for total carbon indicated no 
treatment effects, which supports the rationale for the treatment groupings. The 
potential translocation of soluble and/or fine fraction carbon into the soil profile could 
yield different results at some time in the future once mulch has undergone 
significant decomposition. Treatment effects that may influence seedling success 
also have the potential to create differences in carbon due to contributions over the 
long-term from both below ground (root and soil organic matter [SOM] turnover) and 
above ground inputs (litter contributions). 
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4.4.3.1. Site Characteristics 
Water retention curves presented in Figure 4.9 were generated using averages 
calculated between shallow and deep intervals. This convention was adopted to 
facilitate determination of the LLWR at the plot level, which required the use of soil 
monitoring data that was collected at an intermediate depth (i.e., 10 cm). Certain 
treatment means have been grouped where soils were expected to share water 
retention characteristics (i.e., untilled and tilled treatments). 
The water retention curves provided in Figure 4.9 are for illustrative purposes rather 
than to demonstrate treatment effects. 
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Figure 4.9 Water retention curves by site for untitled (C+B+M), tilled (T+TM), and 
incorporation (INC) treatments. Minimum value on the x-axis set at -0.1 J/kg due to use of 
logarithmic scale. 
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4.4.3.2. Planned Comparisons 
Treatment effects were inconsistent with respect to the water retention data. Highly 
variable results due to sampling error and/or sample scale issues, may be 
contributing factors related to the lack of clear trends. Treatment effects were 
anticipated to be less clear at higher tensions and were not evaluated. Hypotheses 
evaluated through planned comparisons and their associated results are provided in 
Table 4.9. 
Table 4.9 Summary of planned comparisons for water retention characteristics at low 
tensions. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + B + M = T+TM 
H2: C + B + M = INC 
H3: T + TM = INC 
e at 5J/kg 
(0 cm to 7 cm) 
F 
0.462 
8.197 
4.807 
P 
0.504 
0.010* 
0.040* 
9 at 5J/kg 
(10 cm to 17 cm) 
F 
6.073 
16.532 
3.986 
P 
0.023* 
0.001* 
0.060 
eat10J/kg 
(0 cm to 7 cm) 
F 
0.012 
3.488 
3.393 
P 
0.914 
0.077 
0.080 
9at10J/kg 
(10 cm to 17 cm) 
F 
3.240 
13.418 
4.460 
P 
0.087 
0.002* 
0.047* 
A weak trend of increased moisture content (at low tensions) was observed between 
unfilled and tilled treatments and a significant difference was only detected at 5 J/kg 
in the deep interval. Incorporation of wood chips increased moisture content at low 
tensions in both depth intervals, with the exception of the shallow interval at a 
tension of 10 J/kg. Relative to tilled treatments, incorporation of wood chips 
significantly increased moisture content in the shallow interval at 5 J/kg and in the 
deep interval at 10 J/kg. A summary of the results of these comparisons and 
differences between means for the grouped treatments are presented in Figures 
4.10 and 4.11. 
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Figure 4.10 Comparison of group means between untilled (C+B+M), tilled (T+TM), and 
incorporated treatments (INC) for moisture content at a tension of 5 J/kg measured at two 
discrete depth intervals (0 to 7 cm and 10 to 17 cm). Means sharing the same letter are not 
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Figure 4.11 Comparison of group means between untilled (C+B+M), tilled (T+TM), and 
incorporated treatments (INC) for moisture content at a tension of 10 J/kg measured at two 
discrete depth intervals (0 to 7 cm and 10 cm to 17 cm). Means sharing the same letter are 
not significantly different from each other at the p=0.05 level. 
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4.4.3.3. ANOVA and Post-hoc Multiple Comparisons 
ANOVA results indicated that total porosity for both upper and lower depth intervals 
(p=0.045 and p=0.002, respectively) were significantly affected by treatment. Post-
hoc multiple comparisons were not performed for this parameter as it was already 
evaluated using the air pycnometry data. 
ANOVA results (Tables 4.5a and 4.5b) indicated aeration porosity for the deep 
interval (p=0.018) was significantly different among treatments. Aeration porosity is 
a function of total porosity and moisture content at FC; therefore, this derived 
variable was expected to have significantly different means among treatments. The 
following summary matrix (Table 4.10) for multiple comparisons was generated 
using Tukey's HSD adjustment probabilities. 
Table 4.10 Summary matrix for post-hoc comparisons for aeration porosity in the deep 
interval. Values are a probability of designated treatment pairs being different, with 
significance (*) assessed at p<0.05. All probabilities were adjusted according to Tukey's 
HSD. 
Treatment 
C 
B 
M 
T 
TM 
INC 
C 
n/a 
1.000 
1.000 
0.566 
0.076 
0.362 
B 
-
n/a 
1.000 
0.406 
.044* 
0.238 
M 
-
_ 
n/a 
0.543 
0.071 
0.343 
T 
-
_ 
-
n/a 
0.801 
0.999 
TM 
-
_ 
-
-
n/a 
0.941 
INC 
-
_ 
-
-
-
n/a 
Post-hoc multiple comparisons for aeration porosity measured for the deep interval 
from 10 to 17 cm indicated significant differences (p=0.044) between mean moisture 
content for TM (9.1 %v/v) and B (3.6 %v/v) treatments. Differences between other 
similar comparisons (i.e., tilled versus unfilled) may be obscured due to the high 
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variability associated with measuring water retention at the lower tension necessary 
for determining aeration porosity. 
4.5. Soil Monitoring Data 
Soil moisture content and SMR were monitored during the 2004 and 2005 growing 
seasons. The relationship between these variables is discussed in Section 4.5.3 
and was used to calculate derived variables for evaluation using planned 
comparisons (i.e., SMR at various moisture contents). Soil temperature was also 
measured during each site visit and results are provided below. 
4.5.1. Soil Moisture 
Soil moisture was monitored over two growing seasons; however, in 2004, some 
missing values were present. The data set for the 2005 season is more complete 
and considered more suitable for statistical analyses, especially because it 
contained the wettest and driest site conditions observed throughout the research 
project. These were considered opportune times to evaluate treatment effects, as it 
is at these extremes that soil physical properties are most likely to affect seedling 
growth and development. 
Treatment means for soil moisture during monitoring events throughout the 2005 
season are summarized in Table 4.11 along with ANOVA results for these 
properties. No post-hoc multiple comparisons were conducted for this data set. 
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Table 4.11 Descriptive statistics and ANOVA summaries results for soil moisture content in 
2005. Significance (*) was assessed at p<0.05. 
Response Variable 
June 2005 
(%v/v)(Wettest) 
July 2005 
(%v/v)(Driest) 
August 2005 
(%v/v) 
October 2005 
(%v/v) 
c 
Mean 
St.Dev 
35.2 
3.2 
25.7 
2.0 
30.5 
3.0 
28.3 
3.0 
B 
Mean 
StDev 
34.9 
4.0 
27.0 
2.5 
30.4 
4.2 
30.3 
3.1 
M 
Mean 
St.Dev 
37.1 
3.3 
29.2 
3.4 
31.9 
3.5 
32.3 
3.3 
T 
Mean 
StDev 
32.2 
3.8 
24.8 
3.4 
27.5 
3.1 
29.0 
2.2 
TM 
Mean 
StDev 
35.9 
3.9 
30.9 
3.2 
33.1 
2.9 
33.6 
1.8 
INC 
Mean 
St.Dev 
33.2 
1.6 
27.7 
2.6 
31.5 
2.8 
31.1 
1.1 
df 
5 
5 
5 
5 
MSe 
3.737 
5.816 
4.759 
4.213 
F 
4.299 
4.342 
3.797 
4.858 
P 
0.008* 
0.008* 
0.014* 
0.005* 
R2 
0.518 
0.520 
0.487 
0.548 
4.5.1.1. Planned Comparisons 
The application of mulch significantly increased the moisture content relative to both 
unfilled and INC treatments during wet conditions in June 2005 (Table 4.12 and 
Figure 4.12). This same effect was also apparent in comparing the mulch 
treatments (M + TM) to the unfilled ones in July (during drier conditions). No 
difference between the mulch treatments and the INC treatment was detected in July 
2005. 
Table 4.12 Summary of planned comparisons for soil moisture content measured during 
wettest and driest conditions based on soil monitoring data over the 2004 and 2005 growing 
seasons. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + T = M + TM 
H2:C + T = INC 
H3: M + TM = INC 
June 2005 (Wettest) 
8 (% v/v) 
F 
10.553 
0.241 
9.881 
P 
0.004* 
0.629 
0.005* 
July 2005 (Driest) 
e (% v/v) 
F 
19.911 
3.437 
3.202 
P 
0.000* 
0.079 
0.089 
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Figure 4.12 Comparison of moisture content between grouped means for treatments 
without mulch (C+T), with mulch (M+TM), and the INC treatment. Means sharing the same 
letter are not significantly different from each other at the p=0.05 level. 
4.5.1.2. ANOVA and Post-hoc Multiple Comparisons 
No post-hoc multiple comparisons were conducted for this data set. 
4.5.1.3. Comparison of Moisture Determination Methods 
Moisture content was determined gravimetrically on all bulk density cores as well as 
periodically throughout the research project on additional samples to verify accuracy 
of the ThetaProbe readings. ThetaProbe readings were obtained both directly from 
the core and/or are based on an average of multiple readings from locations 
immediately adjacent to core samples. Both logarithmic (R2 = 0.870) and linear (R2 
= 0.863) regressions indicated that the ThetaProbe is highly correlated with 
volumetric moisture content (converted from gravimetric determinations on soil cores 
with known volume). Figure 4.13 shows the relationship between the two methods 
and indicates that the ThetaProbe is overestimating moisture content when soils are 
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relatively dry, and underestimating when soils are wet. This suggests a higher 
degree of accuracy near the middle of the observed range of moisture content 
values. 
15 20 25 30 35 40 45 50 
Volumetric Moisture Content - Gravimetric 
Conversions (%v/v) 
Figure 4.13 Comparison of two methods of volumetric moisture content determination. A 
1:1 line has been included for reference purposes. 
4.5.2. Soil Temperature 
As with soil moisture, temperature was monitored over two growing seasons and the 
data set from 2005 was selected for analysis for the same reasons. Table 4.13 
summarizes treatment means for soil temperature during monitoring events 
throughout the 2005 season as well as ANOVA results for these properties. 
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Table 4.13 Descriptive statistics and ANOVA summaries for soil temperature in 2005. 
Significance (*) was assessed at p<0.05. 
Response Variable 
June 2005 
(°C) (wettest) 
July 2005 
(°C) (driest) 
August 2005 
(°C) 
October 2005 
(°C) 
c 
Mean 
St.Dev 
15.0 
2.2 
14.4 
1.7 
13.2 
1.6 
6.7 
1.2 
B 
Mean 
St.Dev 
13.5 
1.7 
13.5 
0.9 
12.6 
0.9 
6.6 
1.3 
M 
Mean 
St.Dev 
12.6 
0.7 
13.8 
1.2 
12.9 
0.8 
7.0 
1.1 
T 
Mean 
StDev 
17.5 
2.8 
15.7 
1.6 
13.3 
1.0 
5.7 
1.5 
TM 
Mean 
St.Dev 
13.6 
1.3 
13.8 
0.9 
12.6 
0.9 
6.3 
0.9 
INC 
Mean 
St.Dev 
16.0 
2.2 
14.9 
1.2 
13.2 
1.1 
5.9 
1.2 
df 
5 
5 
5 
5 
MSe 
2.563 
0.771 
0.511 
0.191 
F 
6.467 
4.738 
0.973 
6.332 
P 
o.oor 
0.005* 
0.458 
0.001* 
R2 
0.618 
0.542 
0.196 
0.613 
4.5.2.1. Planned Comparisons 
The application of mulch significantly decreased soil temperature relative to the 
unfilled and INC treatments (Table 4.14 and Figure 4.14). No significant differences 
between unfilled and INC treatments were detected. 
Table 4.14 Summary of planned comparisons for soil temperature measured during wettest 
and driest conditions based on soil monitoring data over the 2004 and 2005 growing 
seasons. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + T = M + TM 
H2:C + T = INC 
H3: M + TM = INC 
June 2005 (Wettest) 
Temperature (°C) 
F 
19.406 
0.091 
10.862 
P 
0.000* 
0.766 
0.004* 
July 2005 (Driest) 
Temperature (°C) 
F 
10.976 
0.208 
5.057 
P 
0.003* 
0.653 
0.036* 
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June 2005 (wettest) 
a a 
C+T M+TM INC 
Grouped Treatments 
July 2005 (driest) 
a a 
b 
"i • r 
C+T M+TM INC 
Grouped Treatments 
Figure 4.14 Comparison of soil temperature between grouped means for treatments without 
mulch (C+T), with mulch (M+TM), and the INC treatment. Means sharing the same letter 
are not significantly different from each other at the p=0.05 level. 
4.5.2.2. ANOVA and Post-hoc Multiple Comparisons 
No post-hoc multiple comparisons were conducted for this data set. 
4.5.3. Soil Strength and Moisture Relationship 
Soil mechanical resistance and moisture content data indicated a correlation 
between soil strength and moisture content. As expected, the higher the moisture 
content, the weaker the soil or less resistance encountered during probe insertion. 
Table 4.15 summarizes the results for linear and exponential regressions performed 
on the data set for individual treatment plots. The exponential equation applied to 
soil moisture content generally described the greatest amount of the variation 
(highest R2); and therefore, was selected for use in adjusting soil strengths for 
varying moisture content. 
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Table 4.15 Summary of linear and exponential regressions for soil moisture and SMR data. 
Parameters a and b are for line of best fit using y=ae"bx. Significance (*) of exponential 
equation assessed at p<0.05. 
Site 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Treatment 
C 
C 
c 
c 
c 
B 
B 
B 
B 
B 
M 
M 
M 
M 
M 
T 
T 
T 
T 
T 
TM 
TM 
TM 
TM 
TM 
INC 
INC 
INC 
INC 
INC 
R2 Linear 
Equation 
0.665 
0.567 
0.704 
0.663 
0.714 
0.690 
0.608 
0.685 
0.624 
0.755 
0.704 
0.737 
0.482 
0.664 
0.332 
0.548 
0.684 
0.500 
0.351 
0.081 
0.745 
0.356 
0.246 
0.669 
0.182 
0.812 
0.071 
0.714 
0.232 
0.094 
R2 Exponential 
Equation 
0.765 
0.565 
0.730 
0.626 
0.657 
0.647 
0.596 
0.667 
0.641 
0.766 
0.761 
0.781 
0.451 
0.618 
0.350 
0.703 
0.616 
0.484 
0.354 
0.028 
0.768 
0.495 
0.245 
0.697 
0.206 
0.810 
0.090 
0.651 
0.276 
0.078 
P 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.000* 
0.332 
0.000* 
0.000* 
0.002* 
0.000* 
0.006* 
0.000* 
0.060 
0.000* 
0.001* 
0.103 
a 
36568.2 
86795.1 
19473.9 
30597.4 
37285.0 
12793.4 
241669.5 
52688.4 
22168.4 
80101.7 
22611.7 
42119.5 
27029.7 
17705.7 
37157.1 
29483.4 
113907.4 
15487.2 
6738.0 
1610.1 
82072.6 
57175.1 
7039.8 
45580.1 
2461.3 
22827.9 
4910.8 
66610.9 
5497.3 
1977.9 
b 
-0.09 
-0.10 
-0.06 
-0.08 
-0.09 
-0.06 
-0.13 
-0.10 
-0.07 
-0.13 
-0.08 
-0.09 
-0.08 
-0.06 
-0.11 
-0.10 
-0.13 
-0.08 
-0.06 
-0.02 
-0.12 
-0.12 
-0.06 
-0.11 
-0.04 
-0.09 
-0.04 
-0.12 
-0.05 
-0.03 
As indicated in Table 4.15, slightly higher R2 values were calculated for unfilled plots 
using the exponential decay equation. This equation (y = ae"bx) was used to 
generate parameters a and b for correction of SMR values for moisture content at 
the plot level. Using these plot level relationships, SMR has been calculated at a 
variety of moisture contents including at FC and PWP. 
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Conversely, the moisture content at which a soil has an SMR value equal to 2,500 
kPa was also determined. Treatment means along with ANOVA results for these 
derived variables have been summarized in Table 4.16. 
Table 4.16 Descriptive statistics and ANOVA summaries for SMR related properties. 
Significance (*) was assessed at p<0.05. 
Response Variable 
9 (%v/v) at 2,500kpax 
SMR (kPa) at FC 
SMR (kPa) at PWP 
SMR (kPa) at 20% 6 
SMR (kPa) at 30% 9 
SMR (kPa) at 40% 9 
C 
Mean 
St.Dev 
32.8 
2.3 
3662 
1567 
5793 
1976 
7505 
2676 
3239 
792 
1421 
289 
B 
Mean 
St.Dev 
29.9 
3.7 
1800 
728 
5123 
2298 
7819 
5246 
2697 
1145 
1016 
384 
M 
Mean 
St.Dev 
29.8 
3.5 
1622 
859 
3615 
1006 
5401 
835 
2412 
638 
1108 
488 
T 
Mean 
St.Dev 
23.4 
4.9 
872 
271 
2252 
1204 
3695 
2724 
1421 
494 
621 
48 
TM 
Mean 
St.Dev 
24.8 
4.3 
749 
318 
2580 
2202 
4118 
2383 
1458 
490 
566 
111 
INC 
Mean 
St.Dev 
20.5 
6.1 
675 
240 
1657 
443 
2924 
1913 
1299 
367 
649 
154 
df 
5 
5 
5 
5 
5 
5 
MSe 
17.613 
7.21 x10b 
2.09 x10b 
5.72 x106 
2.56 x10 s 
6.15 x104 
F 
6.024 
8.866 
6.547 
3.640 
12.741 
9.439 
P 
0.002* 
0.000* 
0.001* 
0.017* 
0.000* 
0.000* 
R2 
0.639 
0.689 
0.621 
0.476 
0.761 
0.702 
4.5.3.1. Planned Comparisons 
Results (Table 4.17 and Figures 4.15 through 4.17) indicated significant differences 
for each property between tilled and unfilled treatments as well as between the INC 
and unfilled treatments. No differences were detected between means of the INC 
and tilled treatments for any of the properties evaluated, suggesting the 
incorporation of wood chips did not strongly influence the soil strength and moisture 
relationship relative to tilled treatments. 
Table 4.17 Summary of planned comparisons for SMR at FC and PWP and soil moisture 
content at 2,500 kPa. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + B + M = T+TM 
H2: C + B + M = INC 
H3:T + TM = INC 
SMR (kPa) at FC 
F 
20.002 
14.790 
0.085 
P 
0.000* 
0.001* 
0.773 
SMR (kPa) at PWP 
F 
16.891 
18.186 
0.916 
P 
0.001* 
0.000* 
0.350 
6 (%v/v) at 2,500kpa 
F 
15.448 
21.377 
2.044 
P 
0.001* 
0.000* 
0.171 
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Figure 4.15 Summary of means and planned comparisons for SMR at FC. Means sharing 
the same letter are not significantly different from each other at the p=0.05 level. 
C+B+M T+TM INC 
Grouped Treatments 
Figure 4.16 Summary of planned comparisons for SMR at PWP. Means sharing the same 
letter are not significantly different from each other at the p=0.05 level. 
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Figure 4.17 Summary of planned comparisons for moisture content at 2,500 kPa. Means 
sharing the same letter are not significantly different from each other at the p=0.05 level. 
4.5.3.2. SMR and Depth (RIMIK) 
Soil strength was measured at 1.5 cm intervals using the RIMIK penetrometer from 
surface grade to a depth of 30 cm. Results indicated that during wet soil conditions 
(averaging between approximately 30 to 35 % moisture content), SMR tended to 
increase with depth to approximately 10 cm for all treatments. Unfilled treatments 
tended to increase in SMR with depth, whereas the INC and tilled treatments tended 
to plateau. Soils at offsite locations exhibited a greater increase in SMR with depth 
below 15 cm. Lack of soil structure and increased bulk density in undisturbed soils 
at depth may be the result of the observed trend at offsite locations (Figure 4.18). 
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Figure 4.18 Summary of relationship between SMR and depth during wet soil conditions 
(June 2005). Data represents treatment/group averages for pooled sites. Theoretical 
growth-limiting threshold at 2,500 kPa included for comparison. 
During drier soil conditions in July 2005 (averaging between approximately 25% and 
30% moisture content) soils tended to increase in SMR with depth and then 
exhibited a slight decrease at depths below 10 cm (Figure 4.19). This relationship 
likely reflects the low moisture status in shallow soils (stronger soils), and increased 
moisture deeper in the profile, a phenomenon that would be typically associated with 
drying events. The unfilled soils (C+B) exhibited a similar and more pronounced 
trend in this manner. These soils were observed with SMR near or greater than the 
2,500 kPa theoretical growth-limiting threshold at depths at or below 10 cm during 
site visits in July 2005 (Figure 4.19). As discussed in earlier sections, mulch 
applications tended to increase moisture content relative to those without, and these 
93 
soils on average tended not to exceed the 2,500 kPa even during the driest site 
conditions and regardless of depth. On average, offsite soils at depths greater than 
20 cm were near or greater than 2,500 kPa. 
SMR (kPa) 
0 500 1000 1500 2000 2500 3000 3500 
0 
5 -
10 
xT 15 
a. 
a 
20 
25 -
30 
Figure 4.19 Summary of relationship between SMR and depth during relatively dry soil 
conditions (July 2005). Data represents treatment/group averages for pooled sites. Data 
from Boot Lake were unavailable. Theoretical growth-limiting threshold at 2,500 kPa 
included for comparison. 
4.5.3.3. LLWR 
The LLWR and NLWR were determined for individual plots using data collected over 
both the 2004 and 2005 growing seasons. Table 4.18 summarizes descriptive 
statistics for individual treatments and ANOVA results for both these derived 
variables. 
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Table 4.18 Descriptive statistics and ANOVA summaries for LLWR and NLWR. 
Significance (*) was assessed at p<0.05. 
Response Variable 
LLWR (%v/v) 
NLWR (%v/v) 
C 
Mean 
St.dev 
1.1 
1.9 
1.7 
2.3 
B 
Mean 
St.dev 
2.8 
5.0 
2.8 
5.0 
M 
Mean 
St.dev 
3.4 
5.2 
3.4 
5.2 
T 
Mean 
St.dev 
10.3 
3.4 
14.4 
5.5 
TM 
Mean 
St.dev 
9.1 
4.0 
14.1 
7.6 
INC 
Mean 
St.dev 
13.9 
3.6 
19.5 
6.0 
df 
5 
5 
MSe 
11.091 
25.014 
F 
11.556 
11.505 
P 
0.000* 
0.000* 
R2 
0.743 
0.742 
ANOVA indicated that the statistical model described a similar amount of variation 
for the NLWR (R2=0.742) when compared to the LLWR (R2=0.743). Treatment 
significantly affected both of the variables (p<0.05). 
4.5.3.4. Planned Comparisons 
Treatments involving tillage (T+TM) and incorporation of wood chips (INC) increased 
the LLWR and the NLWR of the soils relative to unfilled soils. INC also increased 
the LLWR of soils relative to tilled soils (T+TM). No significant differences were 
detected between INC and T+TM for the NLWR (Table 4.19, Figure 4.20, and Figure 
4.21). 
Table 4.19 Summary of planned comparisons for LLWR and NLWR based on soil 
monitoring data collected during the 2004 and 2005 growing seasons. Significance (*) was 
assessed at p<0.05. 
Contrast 
H1:C + B + M = T+TM 
H2: C + B + M = INC 
H3:T + TM = INC 
LLWR (%v/v) 
F 
28.513 
44.559 
5.352 
P 
0.000* 
0.000* 
0.031* 
NLWR (%v/v) 
F 
32.324 
42.655 
3.686 
P 
0.000* 
0.000* 
0.069 
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30.0 H 
i ^ i ^ r 
C+B+M T+TM INC 
Grouped Treatments 
Figure 4.20 Summary of group means and planned comparisons for LLWR. Means sharing 
the same letter are not significantly different from each other at the p=0.05 level. 
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£ 
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Grouped Treatments 
Figure 4.21 Summary of means and planned comparisons for NLWR. Means sharing the 
same letter are not significantly different from each other at the p=0.05 level. 
96 
Table 4.20 summarizes a count of the limiting properties that were used to construct 
the LLWR for the treatment groups defined above. Theoretically, unfilled treatments 
tended to be limited by SMR as opposed to the PWP at the dry end of the moisture 
range. At the wet end, these same soils tended to be limited by air filled porosity. 
The INC treatment was consistently limited at the dry end by PWP and by FC at the 
wet end. For treatments involving tillage (T+TM), limiting properties were not 
dominated as clearly by one property over another. 
Table 4.20 Summary of the results from a count of the limiting properties used to construct 
the LLWR for the 1 
Grouped 
Treatments 
C+B+M 
T+TM 
INC 
reatment groups. 
Limiting Property 
PWP 
1 
6 
5 
at Dry End 
SMR 
14 
4 
0 
Limiting Property at Wet End 
1 0 % AFP 
14 
3 
0 
Field 
Capacity 
1 
7 
5 
The large difference between the LLWR and NLWR models for tilled treatments and 
the INC treatment is largely due to the inclusion of field capacity as a growth-limiting 
parameter in establishing the threshold at the wet end. This difference between the 
two models appears to be greater for the INC treatment. It should be noted that field 
capacity was rarely the limiting property at the wet end in constructing the LLWR for 
unfilled soils. By contrast, very little difference between the LLWR and the NLWR 
was observed for these soils. 
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4.5.3.5. LLWR and Site Monitoring Data 
Given that continuous soil monitoring data were unavailable for this study, the 
number of site visits where 0 was within the LLWR has been used to develop an 
index against which to compare measures of seedling performance (i.e., survival, 
height, relative vigour) and herbaceous biomass production. Due to a different 
number of visits to each site (unequal sample size), the percentage of visits where 0 
was within the LLWR was calculated for individual treatment plots. Table 4.21 
presents a summary of these data. 
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Table 4.21 Summary of moisture content data from site visits with respect to LLWR. "X" 
denotes that calculated LLWR was a negative value; therefore, sum of observations may be 
greater than 100%. 
Site 
Aitken 
Blueberry 
Bernadet 
Boot Lake 
Blackhawk 
Treatment 
C 
B 
M 
T 
TM 
INC 
Cx 
Bx 
Mx 
T 
TM 
INC 
C 
B 
M 
T 
TM 
INC 
Cx 
Bx 
Mx 
T 
TM 
INC 
Cx 
Bx 
M 
T 
TM 
INC 
Total Number of 
Site Visits 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
7 
8 
8 
8 
8 
6 
7 
7 
7 
7 
7 
7 
5 
7 
7 
7 
7 
Visits (%) 
8 below dry 
limit 
37.5 
25 
0 
37.5 
12.5 
12 
100 
63 
12.5 
12.5 
0 
0 
75 
29 
0 
12.5 
0 
0 
66 
57 
100 
0 
0 
0 
100 
40 
0 
0 
0 
0 
Visits (%) 
6 within LLWR 
25 
37.5 
62.5 
37.5 
75 
88 
0 
0 
0 
50 
0 
100 
25 
14 
25 
75 
100 
100 
0 
0 
0 
100 
29 
100 
0 
0 
0 
57 
0 
100 
Visits (%) 
6 above wet 
limit 
37.5 
37.5 
37.5 
25 
12.5 
0 
100 
100 
87.5 
37.5 
100 
0 
0 
57 
75 
12.5 
0 
0 
66 
43 
57 
0 
71 
0 
43 
100 
100 
43 
100 
0 
The percentage of visits where 9 was within the LLWR was generally higher for 
those treatments that received tillage including T, TM, and INC. This trend is evident 
in Figure 4.22. It should also be noted than there were a relatively high number of 
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site visits where soil moisture content was greater than the wet limit for soils treated 
with mulch. 
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Figure 4.22 Summary of average percentage of visits where 0 was within the LLWR by 
treatment. 
4.6. Evaluation of Coniferous Species 
Results of measures of tree response to soil rehabilitative treatments were assessed 
after two years of growth in September 2005 and are presented in the following 
sections for each of the individual properties measured. Tree response data 
collected in 2004 after one growing season were only obtained for three of the sites 
due to external limitations. Incremental height could not be calculated for trees at 
these sites due to tree numbering discrepancies. These discrepancies have been 
rectified and determination of incremental height will be possible in the future. 
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4.6.1 Survival 
4.6.1.1. Site Characteristics 
With the exception of Aitken, survivorship was acceptable (i.e., >80%) for both tree 
species. With the exception of Aitken, spruce survivorship appeared more variable 
when compared to pine and was generally observed to be more susceptible to 
causes of mortality, which may include over-winter injury and competition from 
herbaceous species. Lower survivorship at Aitken may have been caused in part 
due to competition from herbaceous ground cover species during the first growing 
season. It should be noted that the health of the surviving trees was observed to be 
highly variable and was further characterized using classes of vigour, results of 
which are described below. Figure 4.23 summarizes the mean survivorship for each 
site, where all treatments were pooled. 
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Figure 4.23 Summary of site means for survivorship for both pine and spruce (all treatments 
pooled). 
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4.6.1.2. Planned Comparisons 
The evaluation of planned comparisons showed no significant treatment effect on 
survivorship. Results of planned comparisons are summarized in Table 4.22. 
Table 4.22 Summary of planned comparisons for survivorship for both pine and spruce 
trees. Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + M = T + TM 
H2: C + T = M + TM 
H3: C = B 
H4: TM = INC 
Pine Survivorship (%) 
F 
1.187 
0.906 
0.419 
0.185 
P 
0.289 
0.352 
0.525 
0.671 
Spruce Survivorship (%) 
F 
0.624 
1.560 
0.728 
1.016 
P 
0.439 
0.226 
0.404 
0.325 
4.6.1.3. ANOVA 
ANOVA results (Table 4.23) indicated that treatment did not have a significant effect 
on survivorship for either species. 
Table 4.23 Descriptive statistics and ANOVA summaries for pine and spruce survivorship. 
Significance (*) was assessed at p<0.05. _ _ _ ^ _ _ _ 
Response Variable 
Pine Survivorship (%) 
Spruce Survivorship (%) 
c 
Mean 
St.Dev 
75.0 
38.9 
74.3 
23.2 
B 
Mean 
St.Dev 
81.7 
15.3 
80.8 
12.8 
M 
Mean 
St.Dev 
84.8 
17.2 
86.1 
7.9 
T 
Mean 
St.Dev 
85.8 
6.1 
83.6 
8.9 
TM 
Mean 
St.Dev 
89.9 
5.6 
85.3 
6.8 
INC 
Mean 
St.Dev 
91.7 
5.5 
91.1 
4.0 
df 
5 
5 
MSe 
264.382 
145.238 
F 
0.679 
1.100 
P 
0.644 
0.391 
R2 
0.145 
0.216 
4.6.2. Leader Mortality 
4.6.2.1. Site Characteristics 
Leader mortality demonstrated high variability across sites (Figure 4.24) with 
Blackhawk having the greatest number of dead leaders and Bernadet the least. This 
trend was observed for both pine and spruce. Causes of leader mortality tend to be 
similar to those described for tree mortality above. Results of an independent t-test 
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indicated that spruce seedlings experienced greater leader mortality than pine trees 
(p=0.004). 
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Figure 4.24 Summary of site means for leader mortality for both pine and spruce (all 
treatments pooled). 
4.6.2.2. Planned Comparisons 
Results of planned comparisons indicated that treatments involving tillage (T+TM) 
significantly decreased leader mortality relative to untilled treatments (C+M). No 
other treatment effects were identified (Table 4.24 and Figure 4.25). 
Table 4.24 Summary of planned comparisons for pine and spruce leader mortality. 
Significance (*) was assessed at p<0.05. 
Contrast 
H1:C + M = T + TM 
H2: C + T = M + TM 
H3: C = B 
H4: TM = INC 
Pine Leader Mortality (%) 
F 
1.613 
1.743 
1.580 
1.485 
P 
0.219 
0.202 
0.223 
0.237 
Spruce Leader Mortality (%) 
F 
4.675 
0.000 
1.084 
0.034 
P 
0.043* 
0.996 
0.310 
0.855 
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Figure 4.25 Summary of means and planned comparisons for spruce leader mortality. 
Means sharing the same letter are not significantly different from each other at the p=0.05 
level. INC included for reference purposes only. 
4.6.2.3. ANOVA 
ANOVA results indicated that treatment did not have a significant effect on leader 
mortality for either species (Table 4.25). 
Table 4.25 Descriptive statistics and ANOVA 
(*) was assessed at p<0.05. 
Response Variable 
Leader Mortality (%) 
(Pine) 
Leader Mortality (%) 
(Spruce) 
c 
Mean 
St.dev 
3.8 
4.1 
87.2 
9.0 
B 
Mean 
St.dev 
10.3 
11.4 
74.1 
34.3 
M 
Mean 
St.dev 
16.5 
12.2 
78.7 
33.2 
T 
Mean 
St.dev 
16.3 
18.9 
59.5 
35.1 
summaries for leader mortality. 
TM 
Mean 
St.dev 
13.2 
9.5 
68.1 
34.4 
INC 
Mean 
St.dev 
9.3 
11.6 
65.8 
32.9 
df 
5 
5 
MSe 
65.994 
392.066 
F 
1.762 
1.245 
Significance 
p 
0.167 
0.325 
R2 
0.306 
0.237 
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4.6.3. Tree Height 
4.6.3.1. Site Characteristics 
Tree height was also variable across sites (Figure 4.26), with Bemadet having taller 
trees, on average, for both pine and spruce. Height appeared to be more variable 
among sites for spruce trees when compared to pine. 
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Figure 4.26 Summary of site means for tree height for both pine and spruce (pooled 
treatments). 
4.6.3.2. Planned Comparisons 
Results of planned comparisons indicated that treatments involving tillage (T+TM) 
significantly increased spruce tree height relative to unfilled treatments (C+M) (Table 
4.26 and Figure 4.27). No other treatment effects were identified. 
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Table 4.26 Summary of planned comparisons for both pine and spruce height. Significance 
(*) was assessed at p<0.05. 
Contrast 
H1:C + M = T + TM 
H2: C + T = M + TM 
H3: C = B 
H4: TM = INC 
Pine Height (cm) 
F 
0.036 
4.231 
0.192 
1.405 
P 
0.852 
0.053 
0.666 
0.250 
Spruce Height (cm) 
F 
9.218 
1.459 
2.121 
0.285 
P 
0.007* 
0.241 
0.161 
0.599 
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Figure 4.27 Summary of group means and planned comparisons for spruce tree height. 
Means sharing the same letter are not significantly different from each other at the p=0.05 
level. Height of INC and B provided only for reference purposes. 
4.6.3.3. ANOVA and Post-hoc Comparisons 
ANOVA results indicated that treatment had a significant effect on spruce height only 
(Table 4.27). However, no significant differences (p<0.05) among treatments were 
identified using Tukey's HSD adjustments. The summary matrix is provided as 
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Table 4.28. Results suggest treatments T and INC may have increased spruce 
height relative to the M treatment (p<0.01). 
Table 4.27 Descriptive statistics and ANOVA summaries for pine and spruce height. 
Significance (*) was assessed at p<0.05. 
Response Variable 
Pine Height 
(cm) 
Spruce Height 
(cm) 
C 
Mean 
St.Dev 
23.8 
0.9 
19.1 
6.3 
B 
Mean 
St.Dev 
23.2 
3.0 
22.6 
9.9 
M 
Mean 
St.Dev 
20.0 
3.8 
17.3 
7.4 
T 
Mean 
St.Dev 
21.8 
4.1 
24.5 
6.3 
TM 
Mean 
St.Dev 
21.7 
3.9 
22.2 
7.6 
INC 
Mean 
St.Dev 
20.4 
1.9 
24.5 
4.3 
df 
5 
5 
MSe 
4.635 
14.554 
F 
2.470 
2.962 
P 
0.067 
0.037* 
R2 
0.382 
0.425 
Table 4.28 Summary matrix for post-hoc comparisons for spruce tree height. Values are a 
probability of designated treatment pairs being different, with significance (*) assessed at 
p<0.05. All probabilities were adjusted according to Tukey's HSD. 
Treatment 
C 
B 
M 
T 
TM 
INC 
C 
n/a 
0.694 
0.973 
0.26 
0.785 
0.266 
B 
-
n/a 
0.278 
0.965 
1.000 
0.968 
M 
-
_ 
n/a 
0.067 
0.354 
0.069 
T 
-
_ 
-
n/a 
0.926 
1.000 
TM 
-
_ 
-
-
n/a 
0.931 
INC 
-
_ 
. 
-
. 
n/a 
4.6.4. Relative Vigour 
4.6.4.1. Site Characteristics 
Trends in vigour across sites appeared similar for both pine and spruce trees. The 
number of both pine and spruce reported with good vigour were greatest at Bemadet 
and least at Blackhawk (Figure 4.28). Although this is a somewhat subjective 
measure, these results appear to parallel broad trends observed for other measures 
of seedling performance (e.g., height, leader mortality, etc.). 
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Figure 4.28 Summary of site means for percentage of trees reported with good vigour for 
pine and spruce (all treatments pooled). 
4.6.4.2. Planned Comparisons 
Results of planned comparisons indicated that treatments involving tillage (T+TM) 
significantly increased the percentage of spruce trees reported with good vigour 
relative to unfilled treatments (C+M) (Table 4.29 and Figure 4.29). No other 
treatment effects were identified. 
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Table 4.29 Summary of planned comparisons for pine and spruce height. Significance (*) 
was assessed at p<0.05. 
Contrast 
H1:C + M = T + TM 
H2: C + T = M + TM 
H3: C = B 
H4: TM = INC 
Pine Good Vigour (%) 
F 
3.405 
0.920 
0.039 
0.535 
P 
0.080 
0.349 
0.846 
0.473 
Spruce Good Vigour (%) 
F 
18.862 
0.430 
2.638 
0.085 
P 
0.000* 
0.519 
0.120 
0.774 
125.0' 
C+M T+TM INC B 
Grouped Treatments 
Figure 4.29 Summary of group means and planned comparisons for the percentage of 
spruce trees reported with good vigour Means sharing the same letter are not significantly 
different from each other at the p=0.05 level. Values for INC and B provided for reference 
purposes only. 
4.6.4.3. ANOVA and Post-hoc Multiple Comparisons 
ANOVA results (summarized in Table 4.30) indicated that treatment had a significant 
effect on relative vigour. A summary matrix of probabilities adjusted using Tukey's 
HSD is provided as Table 4.31. According to these results C had a lower 
percentage of trees reported with good vigour when compared to both the T and INC 
treatments. The same was observed when comparing M to T. No other differences 
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between treatments were identified. These results are similar to the findings of 
planned comparisons, which indicate that those treatments receiving tillage, 
including the INC treatment, tended to improve spruce seedling vigour. 
Similar trends were observed for pine; however, due to high variability in this 
measure, significant treatment effects were not detected. 
Table 4.30 Descriptive stat 
trees reported with good vie 
Response Variable 
% Good Vigour 
(Pine) 
% Good Vigour 
(Spruce) 
C 
Mean 
St.Dev 
49.7 
38.1 
15.7 
17.3 
istics and ANOVA; 
our. Significance ( 
B 
Mean 
St.Dev 
47.4 
29.6 
32.0 
36.1 
M 
Mean 
St.Dev 
35.3 
32.8 
19.7 
28.6 
T 
Mean 
St.Dev 
58.3 
34.6 
55.2 
33.9 
summaries for percentage 
*) was assessed at p<0.05 
TM 
Mean 
St.Dev 
57.0 
34.3 
41.9 
31.3 
INC 
Mean 
St.Dev 
65.0 
24.6 
51.1 
31.5 
df 
5 
5 
MSe 
335.739 
252.448 
of pine and 
F 
1.599 
5.249 
P 
0.206 
0.003* 
spruce 
R2 
2.860 
0.568 
Table 4.31 Summary matrix for post-hoc multiple comparisons for percentage of spruce 
trees categorized as good vigour. Values are a probability of designated treatment pairs 
being different, with significance (*) assessed at p<0.05. All probabilities were adjusted 
according to Tukey's HSD. 
Treatment 
C 
B 
M 
T 
TM 
INC 
C 
n/a 
0.593 
0.999 
0.009* 
0.141 
.023* 
B 
-
n/a 
0.818 
0.237 
0.918 
0.432 
M 
-
_ 
n/a 
.022* 
0.276 
0.052 
T 
-
. 
-
n/a 
0.769 
0.998 
TM 
-
-
-
-
n/a 
0.938 
INC 
-
_ 
-
-
_ 
n/a 
4.6.5. Differences Between Tree Species 
Differences between pine and spruce were evaluated for all measures of tree 
performance using a paired t-test. Results indicated that spruce seedlings had 
greater leader mortality than pine seedlings and appeared less healthy based on an 
assessment of vigour. No differences between height or survivorship were 
statistically significant (Table 4.32). A summary of the means for individual sites (all 
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treatments pooled) was presented for each measure in Figures 4.23, 4.24, 4.26, and 
4.28. 
Table 4.32 Summary of paired t-test results comparing performance measures of pine and 
spruce seedlings after two growing seasons. Significance (*) was assessed at p<0.05; df = 
29 for all comparisons. 
Height (cm) 
* 
0.112 
P 
0.912 
Survival (%) 
t 
0.524 
P 
0.604 
Leader Mortality (%) 
f 
-12.125 
P 
0.000* 
Good Vigour (%) 
f 
4.780 
P 
0.000* 
4.7. Evaluation of Non-coniferous Species 
Based on field observations in 2004, the relative cover of non-coniferous species 
appeared high even on tilled plots suggesting they may have impaired seedling 
growth. Selected properties were evaluated in July 2005 to evaluate the health and 
vigour of herbaceous ground cover species and their potential influence on planted 
conifer seedlings. Given that these properties were evaluated as a reaction to field 
observations, no planned comparisons were conducted; however, ANOVA was used 
to evaluate overall treatment effects. 
4.7.1. Herbaceous Biomass 
Although trends were somewhat apparent in the data, no treatment effects were 
detected based on the results of ANOVA (Table 4.33). Weak trends included less 
biomass, on average, where a mulch was applied compared to similar treatments 
without mulch. Cursory visual observations after one year suggested tillage 
decreased herbaceous biomass, as expected. However, although this may have 
occurred initially, results suggest a trend towards increased herbaceous biomass for 
T plots relative to unfilled plots (C+B). 
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Table 4.33 Descriptive statistics and ANOVA summaries for herbaceous biomass two 
growing seasons after treatment. Significance (*) was assessed at p<0.05. 
Response Variable 
Biomass (g) 
C 
Mean 
St.Dev 
41.31 
9.44 
B 
Mean 
St.Dev 
57.51 
14.16 
M 
Mean 
St.Dev 
37.91 
11.97 
T 
Mean 
St.Dev 
82.65 
39.97 
TM 
Mean 
St.Dev 
56.56 
44.88 
INC 
Mean 
St.Dev 
63.48 
42.30 
df 
5 
MSe 
562.662 
F 
2.328 
P 
0.081 
R2 
0.368 
It should be noted that an apparent decrease in biomass was observed between the 
two growing seasons on some untilled plots, most noticeably at Aitken. Photograph 
7 (Appendix 3) provides a view of the dense vegetation cover on the control plot at 
Aitken in 2004. The difference may have been related to species' life cycle 
characteristics, grazing, and/or climate-related phenomenon. These external factors 
may have been in part responsible for obscuring treatment effects. 
4.7.2. Ground Cover Estimation 
Significant treatment effects on herbaceous cover were detected based on ANOVA 
results (Table 4.34). A summary matrix of probabilities adjusted using Tukey's HSD 
is provided as Table 4.35. According to these results, tillage combined with a mulch 
application (TM) decreased herbaceous ground cover relative to the brush mat 
treatment. No other significant differences were detected. 
Table 4.34 Descriptive statistics and ANOVA summaries for herbaceous ground cover two 
growing seasons after treatment. Significance (*) was assessed at p<0.05. 
Response Variable 
Vegetative Ground 
Cover (%) 
C 
Mean 
St.Dev 
60 
14 
B 
Mean 
St.Dev 
77 
10 
M 
Mean 
St.Dev 
46 
21 
T 
Mean 
St.Dev 
63 
27 
TM 
Mean 
St.Dev 
38 
25 
INC 
Mean 
St.Dev 
55 
35 
df 
5 
MSe 
252.732 
F 
3.748 
P 
0.015* 
R2 
0.484 
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Table 4.35 Summary matrix for post-hoc multiple comparisons of treatment effects on 
herbaceous ground cover. Values are a probability of designated treatment pairs being 
different, with significance (*) assessed at p<0.05. All probabilities were adjusted according 
to Tukey's HS 
Treatment 
C 
B 
M 
T 
TM 
INC 
D. 
c 
n/a 
0.547 
0.705 
0.999 
0.285 
0.997 
B 
-
n/a 
0.051 
0.742 
.010* 
0.295 
M 
-
. 
n/a 
0.508 
0.972 
0.922 
T 
-
_ 
-
n/a 
0.166 
0.965 
TM 
-
_ 
. 
-
n/a 
0.534 
INC 
-
_ 
-
-
-
n/a 
4.8. Predicting Seedling Performance 
4.8.1. Soil Physical Properties 
Linear regression analyses were used to evaluate the relationships between conifer 
seedling performance and various measures of soil physical condition. Results of 
the regression analyses are presented in Table 4.36. Similar results were obtained 
upon removal of Aitken and Blackhawk from the analysis, sites that were considered 
potentially anomalous due to competition and soil texture, respectively. 
Results (Table 4.36) indicate that the effect size tended to be small (R2 <0.300) for 
all soil physical properties, with the exception of SMR at FC (highest R2 = 0.365), 
when considering measures of seedling performance. Relative differences in effect 
size suggest that none of the derived variables were consistently able to describe 
more of the variation in these measures of seedling performance than others. 
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Table 4.36 Summary of R2 values from regression analyses performed to assess predictive 
strength of various soil properties. 
Soil Physical Property 
BDff 
RBD 
SMR at FC 
AWSC 
LLWR 
% Visits within LLWR 
Survivorship 
Pine 
0.000 
0.007 
0.244 
0.063 
0.008 
0.006 
Spruce 
0.113 
0.067 
0.365 
0.010 
0.028 
0.077 
Height 
Pine 
0.004 
0.011 
0.051 
0.012 
0.058 
0.001 
Spruce 
0.101 
0.006 
0.141 
0.042 
0.036 
0.124 
% Good Vigour 
Pine 
0.173 
0.015 
0.104 
0.092 
0.010 
0.103 
Spruce 
0.238 
0.051 
0.203 
0.033 
0.111 
0.212 
4.8.2. Soil Chemical Properties 
Although soil nutrient status was not significantly influenced by treatment, its well 
known importance on seedling performance warranted performing some regression 
analyses. Mineralizable-N was selected for use in this analysis because seedling 
performance has been demonstrated to be dependent on available N in soil (Powers 
1980). Other soil nutrient properties such as total C, total N, and available P tended 
to be moderately well to highly correlated with mineralizable-N; therefore, their 
evaluation was expected to yield similar results. 
Where seedling growth is constrained by soil physical properties, soil nutrient status 
would not be expected to have as great an influence on seedling performance as in 
soils that are not physically degraded. Accordingly, the treatment groups selected 
for use in this analysis were justified based on earlier results indicating that 
treatments T, TM, and INC treatments tended not to be associated with adverse soil 
physical condition. 
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Mineralizable-N tended to describe more of the variability (greater R2 value) with 
respect to measures of pine seedling performance on tilled soils when compared to 
unfilled treatments (Figures 4.30 and 4.31). The treatment groups selected for this 
analysis were justified based on the earlier results which generally demonstrated 
that treatments T, TM, and INC treatments tended not to be associated with adverse 
soil physical condition. 
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Figure 4.30 Relationship between pine seedling height and mineralizable-N for both unfilled 
(C+B+M) and tilled treatments (T+TM+INC). 
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Figure 4.31 Relationship between % good vigour in pine seedlings and mineralizable-N for 
both untilled (C+B+M) and tilled treatments (T+TM+INC). 
Spruce seedling performance on both tilled and untilled soils did not appear to be 
strongly influenced by the concentration of mineralizable-N (Figures 4.32 and 4.33). 
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Figure 4.32 Relationship between spruce seedling height and mineralizable-N for both 
untilled (C+B+M) and tilled treatments (T+TM+INC). 
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Figure 4.33 Relationship between % good vigour for spruce seedlings and mineralizable-N 
and for both unfilled (C+B+M) and tilled treatments (T+TM+INC). 
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5. DISCUSSION 
5.1. Soil Chemistry 
A wide range in nutrient status was observed among the sites. Although not tested 
statistically, nutrient data observed at offsite locations appeared less variable (Table 
4.1) then when compared to differences of onsite nutrient concentrations among 
sites. This observation potentially suggests that the conditions observed onsite do 
not necessarily reflect local pre-disturbance soil nutrient regimes. Rather, the 
differences in onsite nutrient concentrations among sites may be due to differences 
in well site construction and reclamation practices (i.e., depth of cut and fill, topsoil 
salvage, extent of admixing, and soil horizon restoration). The reclamation histories 
of these sites were not available to confirm this hypothesis. 
Based on the nutrient data, the sites would not be considered nutrient deficient, 
except for possibly the Blackhawk site due to a low site average mineralizable-N 
value of 4.43 ppm. Powers (1980) noted reduced rates of tree growth on sites with 
concentrations of mineralizable-N less than 10 to 12 ppm. The number of pine and 
spruce trees exhibiting good vigour was lowest at Blackhawk and pine trees were 
the shortest at this site. Further discussion on the predictive strengths of response 
variables (including soil nutrients) with respect to seedling performance is provided 
in Section 5.9. 
Carbon to nitrogen (C:N) ratios at all sites were also below 25:1, a value above 
which N-immobilization potentially becomes a concern (Brady and Weil 1996). This 
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result suggests that the effect of nutrient immobilization from the addition of wood 
chips was not present at the time of sampling. Therefore, fertilization may not be 
necessary to mitigate any of the related, and potentially detrimental, effects 
associated with the INC treatment. 
Despite the removal of the coarse fraction of wood chips prior to chemical analyses, 
soluble carbon and fine fraction organic fragments were expected to have 
contributed to the overall carbon pool in soils receiving the INC treatment. Neither 
total carbon or C:N ratio was significantly affected when comparing the INC 
treatment to others. Bulmer (1999) noted a small increase in C:N following 
incorporation of wood chips as part of a similar rehabilitative treatment despite 
having excluded coarse organic fractions greater than 2 mm in diameter from 
analysis. 
Ongoing decomposition of wood chips will ultimately lead to the fragments becoming 
less distinguishable from the soil matrix, making their exclusion from the fine fraction 
less practical during sample preparation. Other carbon inputs that may contribute to 
total soil carbon at later stages of decomposition include organic acids and by-
products of cellulose and hemicellulose decomposition such as glucose (Van Cleve 
and Powers 1995). 
Sanborn (unpublished data) noted a marked decrease in buried spruce wood chip 
mass over two years (>50% mass loss over two year period) in a litter bag 
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experiment. Wood chips in the same experiment, after 8 years, were permeated 
with roots and appeared to be an integral component of the rooting media, therefore 
providing justification for their inclusion in the analysis of soil properties. These 
observations suggest that the later stages of decomposing wood chips can play an 
important role as rooting media. Harmon et al. (1986) noted that late-stage 
decomposed wood becomes an improved rooting medium as the C:N ratio narrows, 
bulk density decreases, and water retention improves. 
The immobilization of nitrogen in soil is often observed by researchers subsequent 
to the addition of nutrient-poor residues such as wood chips or sawdust (Bollen and 
Glennie 1961, Land Resources Network Ltd 1993). Nitrogen immobilization is often 
experienced within the first 6 months where amendments are readily available to the 
microbial community for decomposition (Bollen and Glennie 1961). However, 
fertilization of INC plots was not considered necessary as mineralizable-N on these 
plots was observed to be similar to other treatments. 
Sanborn (unpublished data) observed a plateauing of C.N ratios, two to three years 
after deployment of wood chip litter bags in the soil profile. This suggests that mass 
loss, likely primarily a result of mineralization, is expected to occur over a period of 
two or more years when working with coarse wood chips or other high C:N organic 
residues. The coarse particle size of the wood chip amendment decreases the ratio 
of surface area to volume when compared to other organic amendments with 
smaller particle sizes such as wood shavings or sawdust. This may have decreased 
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the availability or accessibility of carbon to decomposers, and thereby limited any 
nutrient immobilization. Based on these results, fertilization was not considered 
necessary to mitigate against the possible effects of N immobilization. 
Creed et al. (2004) observed coarse woody debris of conifer species to be a source 
of N (dissolved organic N) in early stages of decomposition. The INC treatment did 
not increase total N or P relative to other treatments suggesting the relatively early 
stage of decomposition of wood chips may also have limited the release of these 
nutrients into soils. 
CEC is primarily a function of clay and organic matter content (Brady and Weil 
1996), and accordingly, an increase in CEC may be expected following addition of 
an organic amendment to a soil. An increase in CEC in INC relative to other 
treatments was observed. This effect may not be have been limited strictly to the 
addition to wood chips, but may have been an artefact of the physical treatment 
process. Tillage followed by the incorporation of wood chips resulted in these plots 
effectively being subjected to double tillage. This may have increased the intensity 
and effectiveness of tillage at depth. This hypothesis is based in part on the fact that 
the soils in the research area are often typified by increased clay content and greater 
CEC at depth (i.e., Bt horizons in Luvisolic soils). 
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5.2. Soil Texture and Coarse Fragment Content 
In general, with the exception of Blackhawk, offsite soils were observed to have 
similar or lower clay contents compared to soils collected from treatment plots. 
Based on the offsite soil profile at Blackhawk (Figure 3.6), the clay-rich Bt horizon 
onsite may have been stripped away and the well site constructed on a sandy BC 
horizon. This hypothesis is supported by the comparatively nutrient-rich offsite soils 
relative to the samples collected on the well site. 
Soil texture classes across the sites were predominantly silty clay loam to clay loam 
with the exception of Blackhawk. Soil at Blackhawk was classified as a loam and 
had greater sand and gravel contents compared to other sites, based on field 
observations and laboratory PSA results. The high coarse mineral fragment content 
presented a challenge in the monitoring of soil strength and in the insertion of 
sampling cores. Repeated attempts at measurement were often required, making 
the evaluation of these properties relatively time consuming in the field compared to 
other sites. The methodology used to evaluate these properties should be 
reconsidered for sites with coarse fragment content greater than 10%. Gravimetric 
methods or the use of gypsum blocks may be more suitable when working with 
coarse soils. 
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5.3. Soil Physical Properties 
5.3.1. Bulk Density Related Properties 
On average, the untilled treatments had bulk density values greater than 1.50 g/cm3 
and RBD greater than 85%. These results suggest soils were potentially physically 
degraded and were good candidates for rehabilitation. 
Results of planned comparisons indicated that tillage reduced bulk density and 
related properties (i.e., BDff and RBD). Similar effect size (R2) was observed for 
both BDff and RBD, indicating neither was particularly better at capturing treatment 
effects. RBD tends to normalize the effect of texture and organic matter on bulk 
density, so it would be expected that this measure would be better suited when 
comparing bulk densities between soils across various textures. 
Krzic et al. (2002) adjusted RBD values based on the carbon content of the soil. As 
discussed in Section 3.8.3, this approach was not considered practical for this study 
given that a narrow range of carbon was observed in samples collected for 
determination of MBD relative to the range observed across the treatment plots. 
Carbon is considered one of the key factors that determine a soil's compressibility 
(Krzic et al., 2003). For RBD to be a reliable measure of a soil's physical condition 
the bulk density of an individual sample must be compared to a MBD determined on 
a reference sample with similar carbon content. Use of an RBD adjusted for carbon 
content may have increased the ability to capture the effect of treatment on bulk 
density-related properties. 
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The incorporation of wood chips further reduced bulk density in shallow soil (when 
compared to (T+TM); however, no differences were observed for the deeper depth 
interval. This likely reflects the fact that wood chips were not mixed consistently 
across intended treatment depth resulting in a greater proportion of wood chips in 
shallow soils. This is supported by cursory field observations of decreased 
quantities of wood chips with depth. 
The decrease in bulk density due to both tillage and the incorporation of wood chips 
is attributed to the effect on pore size distribution. A relative increase in macro- and 
mesopores was likely responsible for the increases in total porosity in T, TM, and 
INC treatments relative to unfilled ones (C+B+M). By extension, this would have the 
opposite effect on bulk density parameters for tilled treatments. The increase in 
porosity appears to be driven by the coarse organic fragment content (Figure 4.5), 
despite removal of the coarse organic fraction during soil sample processing. This 
may be due to the presence of air-filled voids (macropores) intimately associated 
with the wood chips themselves. If due to the fine organic fraction that was 
inseparable from the soil, a treatment effect would have been observed with respect 
to total carbon, and one was not (H3: T+TM = INC, p = 0.357). 
The longevity of treatments is a concern, as soil collapse following tillage is often 
observed. Kranabetter and Osberg (1995) observed this phenomenon on 
rehabilitated forestry landings where medium-textured soils tended to collapse one 
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year after tillage (ripping). Their results suggested soils with higher coarse fragment 
content improved the effectiveness of tillage. Significant increases in bulk density 
have been observed up to 42 days following tillage at rates between 0.23 x 103 
g/cm3 to 0.985 x 103 g/cm3 per day on fine grained soils (Lapen et al. 2004). 
Collapse of any larger macropores, including those speculated to be associated with 
the wood chips, would be expected over time. This effect has the potential to 
increase a treated soil's bulk density, even in the short- to mid-term (i.e., 1 to 5 
years). However, a decrease in BDff may not be observed for INC soils, given that 
as wood chips decompose, they will inevitably become inseparable from the soil 
itself and become part of the rooting media. After 8 years of decomposition, wood 
chips that were incorporated into medium-textured soils remained visibly identifiable 
both in the soil profile and in deployed litter bags (Sanborn, unpublished). Based on 
related laboratory and field observations, wood chips are likely to disintegrate upon 
sample processing and become part of the fine fraction. The presence of roots 
would also hinder the successful separation of wood chips as well as justify their 
inclusion in the soil fine fraction. This presence of decomposed coarse organic 
fragments in the soil, as well as in processed samples, will likely continue to exert an 
influence on the bulk density of a soil well after soil treatment. 
Although the experiment was not designed to evaluate differences among sites, low 
soil bulk density and relatively high total carbon at Aitken suggests that the site may 
have been subjected to more intensive reclamation (e.g., topsoil salvage and 
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replacement, coarse woody debris distribution, etc.) than other sites. This suggests 
it may also have been less likely to respond to soil rehabilitative treatments. 
5.3.2. Air Pycnometry 
Treatment effects were determined to be similar between total porosity and bulk 
density. This was expected given the relationship between total porosity and bulk 
density and that they are directly related assuming a constant particle density. The 
significant increase in both total porosity and AFP for T+TM and INC relative to 
untilled treatments can be attributed to the altered soil structure and pore size 
distribution from the tillage treatment. 
Tillage would be expected to affect the moisture regime of a soil through increased 
drainage and infiltration, higher soil surface elevation (Pikul and Aase 2003, McNabb 
2006), as well as possibly increased drying rates in shallow soils due to increased 
soil surface area and irregularity. Despite obvious treatment effects that were 
detected for AFP, this measure of a soil's physical condition is considered less 
reliable given that it is strongly influenced by moisture content; and therefore, subject 
to differences in drainage and precipitation both among and within sites. 
A significant increase in AFP between tilled and untilled treatments at both depth 
intervals suggests that either tilled soils were drier and/or that a greater proportion of 
macropores were present and were drained during assessment of AFP in tilled soils. 
Moisture monitoring data (Table 4.11) suggests the former was true for T treatments. 
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For the purposes of comparing bulk density determination methods, bulk density 
was also calculated for each core having rearranged Eqn. 5.1 and solving for BD. 
Values for AFP in the equation were determined using the pycnometer and 
volumetric moisture content was converted from gravimetric determinations on the 
same cores. 
Eqn 5.1 f = 100 - (BD/DP x 100), where f = AFP + 6, Dp = 2.65 g/cm3 
Figure 5.1 presents a comparison of the bulk density determination methods. The 
high correlation (R2=0.977) validates the assumed particle density of 2.65 g/cm3. 
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Figure 5.1 Validation of particle density through comparison of conventional BD (x-axis) 
against BD determined using total porosity (sum of AFP and volumetric moisture content) 
and assumed particle density. 
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The air pycnometer presents an opportunity to assess bulk density in the field as 
opposed to in the laboratory where time-consuming gravimetric determination of 
moisture content is required. The use of the ThetaProbe in the field allows for 
determination of volumetric moisture content which can then be used along with AFP 
to calculate bulk density as described above (Eqn. 5.1). 
As discussed above and demonstrated in Figure 4.13, the accuracy of the 
ThetaProbe is greatest when soil volumetric moisture content is approximately 35%. 
Considering the fine to medium textured soils in this study, this proposed method of 
bulk density determination would be most accurate if conducted when soils are at or 
near FC. If assessment of bulk density is for site-specific reference purposes (i.e., 
to a local background or control soil), moisture content would have less influence on 
reliability of comparisons. Higher variability that may be associated with measuring 
moisture content of dry soil in situ may warrant additional measurements (i.e., 
greater sample or subsample size) to increase confidence in means to be used in 
comparisons. 
5.3.3. Water Retention Characteristics 
With the exception of Bemadet, the retention curves appear to converge as tensions 
increase (Figure 4.9). The observed convergence at most sites likely reflects 
negligible treatment effects at high tensions where texture is primarily responsible for 
water retention. The greatest differences among sites were expected to be related 
to soil texture. Low clay content of soils at Blackhawk relative to other sites may 
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have contributed to lower moisture contents measured at high tensions at this site 
(Figure 4.9). 
Treatment effects were evaluated at low water tensions where differences were 
anticipated due to the influence of tillage on soil structure and the relative 
abundance of meso- and macropores. Differences at 5 J/kg were detected between 
untilled (C+B+M) and tilled (T+TM) treatments only in the deep interval (Table 4.9). 
The lack of treatment effects in shallow soils may have been due to the presence of 
shallow soil structure in untilled soils. Soil structure would be expected to develop 
over time (i.e., since reclamation) in the shallow depth interval before at depth, 
therefore potentially explaining why soil deeper in the profile appeared to respond 
more readily to tillage. 
The INC treatment had greater water retention compared to untilled (C+B+M) 
treatments at the lowest tension (5 J/kg) measured at both depth intervals. The INC 
treatment also exhibited significantly greater water retention than T+TM; however, 
only for the shallow depth interval (Figure 4.10). Treatment effects are likely a result 
of a greater abundance of fine wood chip fragments associated with the INC 
treatment. Water retention characteristics, particularly at higher tensions, are likely 
to improve (i.e., increased retention) upon further decomposition of the wood chips, 
especially once they are soft enough that they do not interfere with sampling. 
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Both aeration porosity and AWSC are in part dependent on water retention 
characteristics at low moisture contents. A weak trend was observed where 
treatments receiving tillage (T+TM) or incorporation of wood chips appeared to have 
greater aeration porosity and AWSC. However, significant differences (p<0.05) were 
only identified for aeration porosity when comparing TM to B (Table 4.10). 
The relative size of the treatment effect was greater for total porosity determined on 
the larger bulk density core (R2=0.698) than when determined on the small water 
retention cores (R2=0.412). The difference is likely do the inability for the smaller 
core to capture the variability with respect to macropore distribution in the soil. 
Tillage and incorporation of wood chips results in a significant increase in 
macropores (as discussed above) including sizes that may have been too large to 
be compatible with small core sampling. Furthermore, water retention cores often 
required re-sampling due to their intersection with coarse fragments, wood chips, 
and large voids rendering the sample unsuitable for analysis. 
For these reasons, planned comparisons were only completed for total porosity 
determined using the larger bulk density cores and not for from the water retention 
cores. 
Khanna and Ulrich (1984) suggest use of sample cores with a diameter of 13 cm for 
a variety of properties. Use of larger cores would likely further increase the effect 
size for a number of properties as the scale of sampling begins to accommodate the 
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variability in soil physical properties that can occur during tillage or when introducing 
wood chips and other coarse amendments into soil. However, the use of such a 
large core presents a range of difficulties related to core insertion, transport, 
processing, and analysis. The use of large cores for pressure plate analyses also 
increases the length of time required for stabilization, which often makes the use of 
larger cores impractical. 
5.4. Soil Monitoring Data 
During relatively wet and dry soil conditions (June 2005 and July 2005, respectively), 
the presence of a mulch increased plot moisture content relative to those plots 
without it (C+T) (Figure 4.12). During wet conditions, the mulch treatments were 
also wetter than the INC treatment. However, during dry conditions, the mulch 
applications were not significantly wetter than the INC treatment. The INC treatment 
was not significantly wetter or drier than other treatments during relatively dry 
conditions (Figure 4.12). 
The applied mulch had a moderating influence on the temperature of soils as 
anticipated. Soil temperature was clearly decreased during both relatively wet and 
dry conditions throughout the summer (Figure 4.14). 
These results, and those presented in Tables 4.12 and 4.14, indicate that the INC 
treatment tended to have a moderate soil moisture content and temperature 
throughout the growing season (including during both relatively wet and dry 
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conditions). The incorporation of wood chips into the soil profile, rather than their 
application on the surface as a mulch, had a lesser effect on soil moisture and 
temperature. This effect is likely due to decreased bulk density and the 
accompanying increase in infiltration (due to increase in macropores) and concurrent 
increase in soil moisture retention due to presence of wood chips. This moderating 
effect may be beneficial where both drought and wet conditions are likely to occur. 
5.5. Soil Mechanical Resistance 
Soil mechanical resistance (SMR) in excess of 2,500 kPa was observed on all C and 
B plots during at least one site visit. These results confirm that the soils were good 
candidates for soil rehabilitation. Less clear trends were apparent regarding the 
other treatments. Soil strengths at offsite locations were also observed to be greater 
than this theoretical growth-limiting value. Based on field observations, the untilled 
treatments tended to exhibit minimal apparent soil structure as compared to 
respective offsite conditions. An example of the appearance of a control soil is 
provided as Photograph 1 (Appendix 3). Despite soils with structure exhibiting high 
SMR as determined using a cone penetrometer, the actual resistance experienced 
by a root may be less than what was measured. This difference is related to roots 
behaving opportunistically in soils and preferentially elongating into less restrictive 
soils. 
The highest SMRs were observed during drier site conditions. This was expected 
given the clear relationship between soil strength (SMR) and moisture. In general, 
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this relationship was best described (highest R2 value) by an exponential decay 
equation (Table 4.15). Often, particularly for tilled soils, the dry end was observed to 
have greater within plot variability than the wetter end. Examples of the 
characteristic relationship between SMR and moisture for both C and T treatments 
are provided as Figures 5.2 and 5.3. 
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Figure 5.2 Plot of SMR versus volumetric moisture content (at 10 cm depth) at Bernadet 
(Control). 
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Figure 5.3 Plot of SMR versus volumetric moisture content (at 10 cm depth) at Bernadet 
(Till). 
Variability appeared to be greater in drier soils with respect to SMR, as compared to 
wetter soils (Figure 5.3). This heteroscedasticity for treatment plots that received 
tillage may be in part due to the irregular surface of tilled plots resulting in 
differentiated elevations of drying and/or wetting fronts. The highly variable soil 
structure imposed through tillage and consequent variety of aggregates and soil 
structure may also be a contributing factor due to an associated diversity in soil 
behaviour in response to strain. 
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Hillel (1998) discusses the various factors that contribute to soil mechanical 
resistance measured with a penetrometer including shear, plastic flow, compression, 
and friction, all of which are affected by soil moisture content to varying degrees. 
Soil strength is a measure of the ability of a soil to resist failure or deformation. If a 
soil with a variety of clod sizes and highly variable soil structure experiences 
differential drying across a profile, it is also expected that the soil would also fail in 
different ways (e.g., shear, compression, etc.). This would result in a highly variable 
profile with respect to SMR. This effect may be less pronounced where soils appear 
homogeneous such as on reclaimed well sites or in undisturbed soils where soil-
forming processes would tend to work consistently across a solum. Wet soils on 
tilled plots appeared less variable with respect to the manner of failure, regardless of 
structure and the data support this (less variability in wetter soils). 
Using plot averages to develop the relationship between SMR and moisture content 
for individual treatment groups appeared to eliminate much of the observed 
heteroscedasticity for individual tilled plots (Figure 5.4). This suggests that the 
sampling approach tended to mask within-plot variability. It also highlights the need 
for a large sample size when assessing SMR, particularly during drier soil 
conditions. The relative ease of measuring SMR using a hand-held force gauge 
helps make this possible. 
Soils with incorporated wood chips tended to remain wet throughout the season and 
the relationship tended to be less clear. The T treatment at Blackhawk was 
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considered an outlier and was not included in the determination of the relationship 
shown in Figure 5.4; inclusion of Blackhawk values greatly reduced the overall R2 
value for tilled soils (reduced R2 from 0.591 to 0.380). This same plot had the lowest 
R2 value when describing the relationship using the exponential equation (Table 
4.15). The higher sand content and/or very dry soils (0 as low as 20%) may have 
resulted in soils failing under different mechanisms when measuring SMR, thereby 
not fitting well into the chosen model. 
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Figure 5.4 Relationship between SMR determined with the hand-held force gauge (10 cm 
depth) and volumetric moisture content. Data represents plot averages from all site visits for 
unfilled (C+B+M) and tilled treatment groups (T+TM) except no T data from Blackhawk was 
used. 
Despite variation due to differences among sites, this figure shows a clear trend that 
supports the results of the planned comparisons (Table 4.17) that tillage reduced 
SMR at various moisture contents. Although the relationship for tilled plots (T+TM) 
appears different at a glance, it retains a characteristic and similar exponential curve 
to that of the unfilled plots (C+B+M). 
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Based on the planned comparisons conducted for SMR derived over a range of 
moisture contents (e.g., FC, PWP, etc.), SMR appears to be highly sensitive to 
treatment involving tillage (Table 4.17 and Figure 5.4). Soil mechanical resistance 
was more variable at untilled plots when compared to tilled plots, and this likely 
reflects the large effect of tillage on the relationship between SMR and moisture 
content. Although the incorporation of wood chips (INC) was expected to influence 
moisture content relative to tilled treatments (T+TM), the relationship between SMR 
and moisture content was not anticipated to be affected, and the data support this 
(Figures 4.15 through 4.17). 
Based on plot-specific relationships established between SMR and moisture content, 
SMR at field capacity for untilled soils was 2,361 kPa and close to the theoretical 
growth-limiting value of 2,500 kPa. Untilled soils at the PWP had an average SMR 
of 4,844 kPa. This suggests that untilled soils may have been experiencing growth-
limiting conditions across a wide range of moisture contents and throughout much of 
the growing season. Even at the PWP, tilled (T+TM) and INC plots on average 
tended to exhibit SMR less than 2,500 kPa based on plot-specific relationships. 
These results indicate that soil physical conditions with respect to SMR may be 
improved through tillage. 
Based on data collected using the RIMIK penetrometer, soil strength tended to 
increase with depth, and the trend was even stronger in shallow soils during 
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relatively dry conditions. Below 10 cm to 15 cm, SMR tended to plateau for tilled 
soils and even decrease for unfilled soils during the same conditions. The decrease 
in SMR at depth reflects the greater moisture content observed, and is characteristic 
of drying events. At offsite locations, the increase in SMR below 15 cm (e.g., Bt or 
BC horizons) likely represents higher bulk density, more massive structure, and/or 
drier conditions due to increased water demand from deep-rooted plants. 
Soil mechanical resistance was measured with both a hand-held force gauge and 
the RIMIK penetrometer. Estimations of SMR measured using the hand-held force 
gauge were considered more reliable than those measurements using the RIMIK 
penetrometer due to the intimacy of the sampler with the soil while recording 
measurements. A comparison of the two methods for measuring SMR is provided 
as Figure 5.5. 
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Figure 5.5 Comparison of SMR determination methods using the RIMIK penetrometer and 
a hand-held force gauge. Individual points represent plot averages from each site visit. 
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Figure 5.5 demonstrates a high correlation between the two methods; however, the 
RIMIK penetrometer appears to underestimate the SMR as determined with the 
hand-held force gauge. Soil mechanical resistance determined using the RIMIK 
penetrometer likely reflects penetration resistance due to the presence of coarse 
organic and mineral fractions as well as voids (particularly in tilled treatments). The 
slightly lower slope of the line of best fit describing T+TM+INC treatments supports 
the speculation that the presence of voids would cause the underestimation. This is 
because this effect would be expected to be stronger in tilled soils where a greater 
proportion of voids may be present. It is inferred that SMR, as measured with the 
RIMIK penetrometer, is a measure of inter-aggregate strength resulting from the 
deflection of the lengthy probe as it follows the path of least resistance. Readings 
where the hand-held force gauge intersected a void were often discarded. Similar 
voids may not have even been detected during insertion of the RIMIK penetrometer. 
The discarding of suspect RIMIK penetrometer readings may also be a contributing 
factor to the differences between the two methods. Where readings were greater 
than approximately 5,000 kPa and where advancement was refused, no values were 
included in the calculated averages. This would tend to bias averages low as only 
successful probes would be included in any calculations. The greater range of the 
hand-held force gauge is considered advantageous. 
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Use of the hand-held force gauge was believed to minimize the error due to these 
factors through the selection of suitable probing sites on exposed soil surfaces (e.g., 
avoidance of voids, coarse fragments, etc.). 
5.6. LLWR 
Based on the results of planned comparisons and ANOVA, the NLWR was 
determined to be of similar sensitivity to treatment effects as the LLWR (Table 4.18). 
For untilled treatments (C+B+M), the average LLWR and NLWR were very similar. 
Large differences between these properties were observed for the tilled and INC 
treatments. These differences were primarily due to the relatively lower moisture 
content of FC when compared to 9 at 10% AFP. Planned comparisons clearly 
demonstrated that tillage increased the LLWR of these soils. Unlike for NLWR, the 
INC treatment further increased the LLWR relative to the T+TM treatment group. 
The differences in LLWR between untilled and tilled treatments is due in part to the 
predominance of SMR as the growth-limiting property at the dry end for untilled soils 
as opposed to PWP for tilled treatments (Table 4.20). Given that the LLWR was 
constructed with SMR at the dry end for some of the tilled treatment plots, the effect 
of treatment on SMR was also a contributing factor for these differences. Based on 
the constructed LLWR, INC treatments were limited by PWP as opposed to SMR. 
Untilled soils also tended to be limited first by AFP rather than FC. Tilled and INC 
treatments tended to be limited by FC and these differences are likely due to the 
large amount of meso- and macropores resulting from tillage and incorporation of 
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wood chips. The largest of pores would tend to remain open as a soil becomes 
saturated during a wetting event. 
Conversely, a compact soil with a lower total porosity would be expected to have 
less than 10% AFP at a lower moisture content (i.e., low relative abundance of pores 
of a given size that would remain drained during a wetting event). Note that all INC 
treatments were limited first by FC rather than AFP (Table 4.20). 
The percentage of site visits where the moisture content was within the LLWR was 
determined for individual treatment plots. This measure can be used to make 
generalizations about the moisture content at the plots with respect to their 
individually constructed LLWR. The number of days within the LLWR would provide 
a more complete and accurate account of the changing site conditions with respect 
to moisture (Lapen et al. 2004). However, this was not evaluated as part of this 
experiment due to time and budget constraints. It should be noted that there was 
some systematic bias in the percentage visits within LLWR measure given that some 
of the sites could not be visited during wet conditions, and therefore required re-
scheduling for monitoring. Regardless, this measure is thought to provide a 
generalized approximation of soil and moisture conditions at the sites throughout the 
two growing seasons. 
Treatments involving tillage (T+TM) and the INC treatment tended to have broader 
LLWR and were expected to exhibit a higher average number of site visits where 9 
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was within the LLWR. This was similar to observations by da Silva and Kay (1997b). 
A regression of LLWR against percent visits where moisture content was within the 
LLWR indicated they were moderately well correlated (r = 0.832). When evaluating 
individual plots with respect to monitoring data, the T+M and M treatments were 
often outside of the LLWR (Table 4.21) due to elevated moisture content (0 >FC or 0 
at 10% AFP). This observation may only apply in the BWBS and other 
biogeoclimatic zones where summer drought is less severe than in other areas of 
BC. 
LLWR is a composite measure of a soil physical condition. It is likely to vary most 
closely with the properties from which it is constructed on a soil-specific basis. Bulk 
density is also considered a reliable measure of soil physical condition, and the two 
appear to be relatively highly correlated (Table 5.1). Their respective usefulness in 
predicting seedling performance is discussed in Section 5.9. 
Table 5.1 Summary of Pearson correlation coefficients (r) for soil physical properties. 
Soil Physical 
Properties 
LLWR 
BDff 
-0.866 
RBD 
-0.871 
AWSC 
0.563 
Aeration Porosity 
0.420 
SMR at FC 
-0.634 
Total C 
0.485 
5.7. Comparison of Moisture Content Determination Methods 
The ThetaProbe appeared to overestimate moisture content when soils were 
relatively dry, and underestimated when soils were relatively wet (Figure 4.13). This 
effect may be explained by the relatively larger influence of the dielectric constant of 
mineral soil on standing wave voltage during dry conditions relative to wetter 
conditions. These findings indicate a higher degree of accuracy near the middle of 
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the observed range of moisture content values. Overall, the ThetaProbe was 
considered a reliable and accurate tool for estimating volumetric moisture content if 
used in a consistent manner, particularly for soils with 6 >25%. It should be noted 
that the accuracy appears to be less than +/- 5%, which is in agreement with 
expectations based on manufacturer specifications. 
5.8. Evaluation of Coniferous Species 
5.8.1. Seedling Performance 
Seedlings tend to rely on container rooting media for the first year, and after two 
years, performance is a function of soil and site condition, as well as the 
performance during the first year. More meaningful relationships would be expected 
to emerge from monitoring seedling performance in subsequent years. Results for 
seedling performance are considered preliminary and differences due to treatment 
were expected to be limited, if present at all. Where differences were detected, 
external and uncontrolled factors (i.e., climatic) may have played an important role. 
Survivorship was generally acceptable (>70%) across all sites and treatment groups, 
with a notable exception for pine trees at Aitken, where competition was assumed to 
have severely affected seedling growth after one growing season (Photograph 7). 
Relatively low biomass results in 2005 observed on the Aitken control plot appear to 
contradict these observations. Vegetation at this site may have been grazed or 
possibly subjected to a decline due to life cycle characteristics in the 2005 growing 
season. 
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Treatment had a relatively small effect size (R2 <0.300) for both pine and spruce 
seedlings (Table 4.23) and external factors may have been responsible for the 
observed variation in survivorship. These factors include, but are not limited to, 
climate-related phenomena (e.g., drought, freeze-desiccation), disease, grazing, and 
stock or planting quality. Although survivorship was acceptable, results from other 
measures of seedling performance suggest conditions were challenging for the 
establishment of these planted species. 
Planted seedlings experienced leader mortality at rates of up to 30% for pine and up 
to 90% for spruce, depending on the site in consideration. Paired t-test results 
(Table 4.32) indicated that the spruce seedlings were more susceptible to leader 
dieback than pine (p = 0.000) with the greatest mortality on average occurring on the 
southern sites (Boot Lake and Blackhawk). 
Freeze-desiccation, resulting from climatic conditions and soil physical properties, is 
thought to be primarily responsible for the observed over-winter injury on planted 
seedlings in northeastern BC (Krasowski et al., 1996). This phenomenon is thought 
to occur as a result of high evaporative demand and concomitant frozen soils. 
Krasowski et al. (1996) noted that naturally established seedlings tend not to 
experience this type of over-winter injury and speculated that their well-developed 
and shallow root systems (relative to container stock seedlings) likely help meet 
evaporative demand during winter thawing events (i.e., "Chinook winds"), which are 
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not uncommon in the south part of the study area. Container stock seedlings tend to 
exhibit root emergence deeper in the soil profile (Krasowski et al. 1996) where soils 
would remain frozen during winter and early spring thawing events in the boreal 
forest. 
Environment Canada climate records (Figure 5.6) for Dawson Creek, BC indicated 
that for a period of three weeks beginning in late February 2004, maximum daily 
temperatures ranged between 5.3°C to 14.3°C degrees, which is much warmer than 
0.9°C and 4.9°C normals (1971 to 2000) for February and March, respectively. 
Following this warm weather event, a weeklong period occurred with temperature 
highs below 0°C and lows ranging between -8°C to -17°C. Although snow cover 
data for Dawson Creek, BC were unavailable for this period, records at nearby Fort. 
St. John, BC indicated snow cover decreased from 30 cm to less than 1 cm between 
mid-February and March 1, 2005 (Environment Canada 2005). These climatic 
conditions appear to be consistent with those described by Krasowski et al. (1996) 
for freeze-desiccation over-winter injury to occur. 
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March Daily Maximum shown as a reference (Environment Canada 2005). 
Tilled (T+TM) treatments had significantly lower rates of spruce leader mortality 
relative to unfilled (C+B) treatments (Figure 4.25). These results suggest that 
spruce planted on tilled plots may have been less susceptible to causes of leader 
dieback, possibly including freeze-desiccation, than those on untilled plots. A 
possible reason for the speculated decrease in susceptibility on tilled plots includes 
improved root system development due to improved soil physical condition. Results 
indicating that tillage significantly decreased BDff and SMR at FC support this. 
Raised microsites tend to decrease susceptibility to growing season frost, increase 
soil temperature, and improve seedling performance (Krasowski and Elder, 2000). 
Although mounding has been demonstrated to improve spruce seedling 
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performance in boreal forests (Delong et al. 1997), Krasowski and Elder (2000) warn 
that in areas where freeze-desiccation might occur, planting in depressions or near 
protective above ground features decreases seedling susceptibility to over-winter 
injury. These seemingly contrasting generalizations emphasize the importance of 
recognizing the myriad of challenges faced by seedlings in early establishment and 
the fact that climatic conditions may dictate performance despite precautions taken. 
The availability of microsites, on raised ground or in depressions, may improve 
performance depending on the predominant climatic condition (drought or freeze-
desiccation). 
Although not measured directly, field observations (Photographs 2 and 3) strongly 
support the notion that plots receiving tillage had greater surface irregularity; and by 
extension, a greater variety of microsites. Surface irregularity observed on tilled 
plots may have protected against over-winter injury through differential snow melt 
across irregular and hummocky terrain. Seedlings inadvertently planted in low areas 
(troughs, depressions, etc.) would be expected to remain under snow cover for 
longer durations during thawing events, thereby decreasing desiccation. 
Differences for tree height were not evident between species. Although no 
treatment effects were detected for pine trees, results indicated that spruce tree 
height on unfilled treatments (C+B) was significantly lower than on tilled treatments 
(T+TM). This property is highly correlated with leader mortality (r = 0.832) and is 
likely dependent on the factors discussed above. The lack of treatment effects for 
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pine likely reflects that soil conditions were not consistently adverse among sites and 
also that pine are generally considered a more robust species and to be capable of 
growing in more adverse soil conditions (Kranabetter et al., 2006). This fact 
suggests treatment differences would be less pronounced for pine, and therefore 
less likely to be detected in a manipulative experiment of this nature. 
Nadeau et al. (1998) observed a decrease in pine height on plots subjected to a 
tillage and wood residue incorporation treatment similar to the INC treatment used in 
this study. However, this was not accompanied by a significant decrease in foliar 
nutrient concentrations measured after approximately 9 years. Their modelling 
suggested that in the long term, these trees are likely to be similar in height to those 
on other treatment plots. 
Statistical differences were not detected between means of treatments with and 
without mulch for all measures of seedling performance. However, some weak 
trends are present that suggest mulch may have been detrimental to seedling 
performance. Although no statistical differences were detected based on the 
planned comparisons conducted, pine and spruce seedlings on the M treatment had 
the lowest heights on average (Table 4.27). Mulches may be better suited to areas 
where consistent or prolonged drought conditions are expected and where soil 
temperature is not such an important factor for conifer seedling success as in the 
boreal forest (Lopushinsky and Max 1990). 
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The use of mulch increased soil wetness and decreased soil temperature relative to 
those treatments without mulch (Figures 4.12 and 4.14) during both relatively wet 
and dry soil conditions alike. It should be noted that treatments with mulch often had 
moisture contents outside of, and above, the LLWR, which suggest root respiration 
and development may have been limited at these times (Table 4.21). 
The use of brush mats (Photograph 11) did not significantly improve seedling 
performance relative to those planted on control plots (Section 4.6). Treatment 
effects may not have been detected due to the wide range in conditions observed 
among sites and also between years (i.e., at Aitken). Some brush mats were 
occasionally observed to be missing (e.g., removed by wildlife, wind, etc.). These 
occurrences were not measured; however, may have been responsible for some 
damage resulting from the seedlings being covered and occasionally pressed by the 
brush mats. 
Although differences between pine and spruce vigour were detected, this property 
for both pine and spruce tended to follow a similar trend, with Bernadet having the 
greatest percentage of trees from each species with good vigour, and Blackhawk 
had the least. Treatment effects were detected for spruce, and similar to tree height, 
this property was highly correlated (negatively) to leader mortality (r = -0.875). 
Differences among sites were not formally assessed due to the limitations imposed 
by the experimental design, but it is probable that large differences in growing 
conditions were present (due to climate, soil conditions, grazing, etc.). Classification 
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by relative vigour is subjective; however, in the short term, and due to the extensive 
leader mortality observed, this property may be a better measure than height for 
assessing overall seedling health and likelihood of survival. Seedling performance 
results after five years may be used to assess the usefulness of this measure. 
5.9. Predicting Seedling Performance 
5.9.1. Soil Physical Properties 
Results of regression analyses presented in Table 4.36 indicated that the effect size 
tended to be small for all soil physical properties measured, with the exception of 
SMR at FC (highest R2 = 0.365). These results indicate that soil physical conditions 
were likely not the predominant factors determining seedling performance. 
The utility of the LLWR concept was not maximized in this study partly because soil 
moisture was not monitored on a frequent or continuous basis over the two growing 
seasons, but more importantly because seedling survival and growth was likely 
strongly influenced by one-time climatic factors (i.e., freeze-desiccation) outside the 
control of the experiment. The available data are somewhat limited regarding 
temporal variation or trends in moisture content over the growing season. The ability 
of the LLWR to predict seedling performance would likely have been greater had 
continuous monitoring data been available (Bulmer and Simpson 2005). In order to 
evaluate short term (<5 years) tree growth, the threshold values for properties used 
to construct the LLWR may require development on a soil and tree species-specific 
basis (Siegel-lssem et al. 2005). 
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Given that pine seedling performance was generally less influenced by soil physical 
condition on the plots, the LLWR may be less relevant for this species as compared 
to spruce. The establishment and success of pine may be more dependent on 
limiting herbaceous competition and ensuring adequate nutrient supply. In 
evaluating the predictive strength of certain soil properties (e.g., LLWR, etc.) with 
respect to seedling performance, considering only trees without leader mortality may 
have helped control variability associated with the possible freeze-desiccation event 
that may have occurred. 
The LLWR may be better suited in the evaluation of seedling performance over the 
long term (i.e., after 5 to 10 years following treatment) where extreme seasonal or 
climatic events (i.e., freeze-desiccation) would have a less pronounced effect. For 
these reasons, the results regarding seedling performance are considered 
preliminary and hypotheses posed deserve consideration and validation in the 
coming years. 
5.9.2. Soil Chemical Properties 
Where seedling growth is constrained by soil physical properties, soil nutrient status 
would not be expected to have as great an influence on seedling performance as in 
soils that are not physically degraded. The results presented for pine seedlings in 
Figures 4.30 and 4.31 potentially suggest that rehabilitation of soil physical 
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properties may have more pronounced effects on degraded soils with adequate 
nutrient supply. 
The same relationship between seedling performance and mineralizable-N was not 
observed for spruce seedlings (Figures 4.32 and 4.33), and may have been a result 
of the variability caused by widespread leader mortality in spruce (Figures 4.24). 
Eliminating these affected seedlings from the analysis may have improved the 
relationship between seedling performance and mineralizable-N. The higher R2 for 
% good vigour in spruce relative to that for height likely reflects that vigour was less 
dependent on leader mortality than seedling height. 
A significant interaction between soil nutrient status and treatment may exist and 
could be tested through inclusion of soil nutrient status as a factor in future 
experiments. 
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6. CONCLUSIONS 
6.1. Main Research Objectives 
The main objective of this applied research was to quantify potentially growth-limiting 
soil chemical and physical properties on reclaimed well sites and to evaluate their 
response to soil rehabilitative treatments and influence on conifer seedling 
performance. The following summarizes related conclusions. 
• Soil chemical properties were generally not influenced by soil rehabilitative 
treatments. Soil nutrient status (i.e., mineralizable-N) did appear to have a small 
positive effect on seedling performance, particularly on tilled plots planted with 
pine. Treatment effects may have been clearer if nutrient status was included as 
a factor in the experimental design. 
• Nitrogen immobilization was not observed as result of the INC treatment (after 
two years) and may be attributed to the coarse nature of the wood chip 
amendment in the INC treatment. Mineralizable-N could be measured in coming 
years to evaluate longer-term nutrient immobilization effects. 
• Growth-limiting conditions with respect to soil physical condition were observed 
on control plots at all sites. Results for various soil physical properties (e.g., bulk 
density, AFP, SMR, AWSC, LLWR, etc.) indicated these conditions were 
ameliorated through tillage and the INC treatment. 
• The application of mulch increased soil moisture and decreased soil 
temperature. The results of this study were unclear as to the benefits of using 
mulch to improve seedling performance. Improvements from a decrease in 
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SMR (due to higher moisture) may have potentially been outweighed by 
negative effects of decreased AFP and/or temperature. 
• Seedling survivorship was generally acceptable with rates greater than 70%. 
However, seedling performance was likely severely affected by climatic events 
(over-winter injury) as evidenced by high leader mortality. Results indicated 
spruce seedlings were more susceptible than pine to leader mortality and poor 
vigour. Results indicated that relative to untilled treatments, tillage increased 
spruce height, improved spruce vigour, and decreased leader mortality. 
Indicators of pine performance did not respond to treatments. 
• None of the soil physical properties measured (e.g., bulk density, AFP, SMR, 
AWSC, LLWR, etc.) were particularly effective for predicting seedling 
performance (all R2 values less than 0.4) over the short term. This lack of 
predictive strength and limited treatment effects with respect to seedling 
performance may have been due to confounding variables including soil nutrient 
status and competition from ground cover species (herbaceous biomass) as well 
as from one-time climatic events (i.e., freeze-desiccation) outside the control of 
the experiment. Treatment effects may become increasingly evident in future 
years as the seedlings continue to respond to soil and site conditions. 
6.2. Management Implications 
The following summarizes the key findings of the study with potentially important 
implications in the fields of reclamation and reforestation. 
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• Tillage should be considered as a means to improving the condition of physically 
degraded (i.e., compact soils). Benefits from tillage may also include an 
increase in the diversity of microsites for seedling establishment. Although the 
incorporation of wood chips did widen the LLWR, it did not improve seedling 
performance relative to tillage alone in the short term. Given that no nitrogen 
immobilization was observed after two years, this treatment shows promise, 
particularly where longevity of soil treatment is a key objective and where funds 
are available. 
• In areas where both drought and freeze-desiccation could occur, silviculturalists 
should consider a strategy that includes planting in a diverse array of microsites. 
Results of this study support the idea that planting seedlings on level and 
homogeneous ground, typical of many reclaimed well sites, may increase 
susceptibility to various climate-related phenomena including, but not limited to, 
freeze-desiccation and drought. 
• Although not statistically confirmed, field observations suggested competition 
from ground cover species can be an important determining factor in seedling 
performance. Steps should be taken during seeding and reforestation efforts to 
minimize competition from herbaceous species typically used to re-vegetate well 
sites in the study area (i.e., grasses and legumes). 
• Observed high moisture contents suggested some plots with mulch may have 
been periodically water-logged during the study. In the BWBS, the application of 
mulch, and its influence on soil moisture regime, may be detrimental to the 
establishment of most commercial tree species, particularly on lower slope 
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positions or on north aspect slopes. For the purposes of improving growing 
conditions for conifer seedlings, the application of mulch should be considered in 
concert with species selection, site drainage, and aspect. 
• Fertilization on physically degraded soils may not yield expected results with 
respect to seedling performance. Fertilization should be considered in nutrient 
limited situations and/or where advanced decomposition of wood chips is an 
objective. Such an approach may be warranted where shortened timelines for 
carrying out or achieving reclamation objectives necessitate a more intensive 
approach (e.g., remote sites, sites within special management zones, etc.). 
• Provision should be provided in soil rehabilitation project budgets to address 
seedling establishment failure or unforeseen site maintenance issues. 
Resources would then be available for any necessary vegetation control, 
fencing, re-planting, etc. to ensure project success. 
6.3. Technical Considerations 
The following summarizes recommendations regarding the measurement of soil 
properties based on observations made during this study. 
• A hand-held force gauge yielded reliable results and was considered a more 
useful tool than the RIMIK penetrometer for measuring shallow SMR. The 
measurement of SMR in soils with greater than 10 to 12% coarse fragment 
content would be difficult and alternative means should be considered. The 
measurement of SMR with simultaneous measurement of moisture content via 
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time domain reflectometry (TDR), as proposed by Vaz and Hopmans (2001), 
would increase the efficiency of recording these properties. 
• The meaningfulness of relationships drawn between multiple soil properties 
could be improved through collection of a single core on which a suite of 
analyses is performed (e.g., bulk density, AFP, water retention characteristics, 
SMR, moisture content, etc.). A core size between that of bulk density and 
water retention cores used in this study may prove to be useful, particularly if 
sample size can be increased without increasing field time or laboratory 
expenses. 
• The air pycnometer used in conjunction with the ThetaProbe showed promise for 
providing a field-based measure of bulk density. This is a potentially valuable 
approach where a field comparison of a target soil to a control or reference soil 
would aid in site reclamation. Reliability of this approach could be improved 
through conducting assessments when soils are at or near field capacity. 
• Obtaining continuous measurements of moisture content could improve the 
ability of the LLWR to capture treatment effects. This would also facilitate 
measurement of the number of days outside of the LLWR, which is considered 
to be a better measure of overall soil physical condition and predictor of seedling 
performance. 
6.4. Recommendations for Future Research 
The following provides a summary of research ideas that warrant follow-up based on 
the results of this study. 
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• It would be advantageous to re-sample these study sites again in the future. 
Obtaining longer-term seedling performance data (i.e., after 5 to 10 years) would 
provide more insight into the efficacy of the soil rehabilitative treatments selected 
for study. Soil physical and chemical properties could also be measured to 
confirm longevity of effects and any of their emerging relationships with 
indicators of seedling performance. 
• Most control soils exhibited potentially growth-limiting values of SMR and AFP, 
which generally formed the limits of their constructed LLWR. This suggests that 
it may be possible to construct the LLWR in the field, and thereby diagnose 
suspected cases of physically degraded soils without laboratory analyses (i.e., 
water retention characteristics). The importance of this observation for 
reclamation and forestry in the study area is dependent on the utility of the 
LLWR for predicting seedling performance, and will only be ascertained with 
longer-term seedling performance data. 
• As wood chips in the INC treatments decompose, an interesting opportunity for 
evaluating differences in soil microbial and faunal community structure between 
treatments is likely to present itself. Given that nutrient availability and SOM 
turnover are strongly tied to these soil communities, differences in the 
trajectories that the treatments take with respect to their ecological restoration 
may also be worth evaluating in the coming years. 
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APPENDIX 1 
Table A1.1: Soil profile description and soil classification for Aitken. 
Latitude/Longitude: 121°26"I3.6"W/ 56°36'28.0"N 
Aspect: 290° 
Biogeoclimatic Variant/Site Series: 
BWBSmw1/01 
Elevation: 850 m 
Slope: 13% 
Slope Position: Mid 
Soil Classification: Dark Gray Luvisol 
Horizon 
Lv 
Fm 
Hh 
Ahe 
AB 
Bt 
BC 
Depth 
(cm) 
10-9 
9-2 
2-0 
0-10 
10-22 
22-60 
60-100+ 
Description 
Aspen and herbaceous leaf litter. 
Dark brown (7.5 YR 3/2 m); abundant mycelia; non-
compact matted; abrupt, smooth boundary; 2-4 cm thick. 
Very dark brown (7.5 YR 2.5/2 m); moderate, fine 
granular; abundant horizontal and oblique roots (all sizes); 
abrupt, smooth; 1-3 cm thick. 
Light brown (7.5 YR 6/3 m) and very dark brown (10 YR 
2/2 m); silt loam; moderate, medium platy and moderate, 
fine and medium granular; friable; plentiful, medium and 
coarse horizontal exped roots and abundant, micro to fine 
horizontal and oblique inped and exped roots; <5% 
coarse fragments; clear, wavy boundary; 8-12 cm thick. 
Pale brown (10 YR 6/3 m); silt loam to silty clay loam; 
strong, medium subangular blocky; firm; plentiful, very fine 
and fine vertical oblique exped roots and few coarse 
oblique inped roots; 5% coarse fragments; gradual, wavy 
boundary; 10-15 cm thick. 
Dark grayish brown (10 YR 4/2 m); silt loam to silty clay 
loam; strong, medium and coarse subangular blocky; firm; 
plentiful, oblique inped and exped roots and few, very fine 
and fine inped roots; 5% coarse fragments; diffuse, wavy 
boundary; 35-50 cm thick. 
Dark grayish brown (10 YR 4/2 m); silt loam to silty clay 
loam; strong medium subangular blocky; firm; few, very 
fine and fine vertical exped roots to 40 cm; 5 to 10 % 
coarse fragments. 
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Table A1.2: Soil profile description and soil classification for Blueberry. 
Latitude/Longitude: 121°52'3.7"W / 56°37'59.5"N 
Aspect: 20° 
Biogeoclimatic Variant/Site Series: 
BWBSmw1/03 
Elevation: 865 m 
Slope: 6 % 
Slope Position: Mid 
Soil Classification: Orthic Luvic Gleysol 
Horizon 
S/Lv 
Fm 
Ae 
AB 
Btg1 
Btg2 
Depth 
(cm) 
9-8 
8-0 
0-10 
10-30 
30-65 
65-100+ 
Description 
Feather moss with minor amounts of pine needle litter. 
Abundant, very fine to coarse, horizontal and oblique 
roots; compact matted; abrupt, wavy boundary; 7-10 cm 
thick. 
Light yellowish brown (10 YR 6/4 m); silt loam; moderate, 
medium, platy; friable; plentiful, fine to coarse horizontal 
and oblique roots; 10% coarse fragments; 8-11 cm thick. 
Brown (10 YR 5/3 m); silt loam to silty clay loam; strong, 
medium and coarse subangular blocky; few fine and 
medium vertical and oblique roots; 10% coarse fragments; 
continuous, moderately thick clay films; 18-25 cm thick. 
Gray (10 YR 5/1 m); silty clay loam to silty clay; many, 
medium, prominent dark yellowish brown (10 YR 4/6 m) 
mottles; weak, coarse; prismatic; strong fine and medium 
subangular blocky; firm; very few, fine, vertical and 
oblique roots; 10% coarse fragments; continuous, thick 
clay films; 30-40 cm thick. 
Dark gray (10 YR 4/1 m); silty clay loam to silty clay; 
common, prominent, fine, yellowish brown (10 YR 5/4 m) 
mottles; strong, fine and medium subangular blocky; firm; 
continuous, thin clay films; 10% coarse fragments. 
168 
Table A1.3: Soil profile description and soil classification for Bernadet. 
Latitude/Longitude: 56°35'12.8"N / 121°50'9.2"W 
Aspect: 90° 
Biogeoclimatic Variant/Site Series: 
BWBSmw1/03 
Elevation: 880 m 
Slope: 7% 
Slope Position: Mid 
Soil Classification: Orthic Luvic Gleysol 
Horizon 
Lv 
Fm 
Hh 
Ahe 
Aeg 
Btg1 
Btg2 
Depth 
(cm) 
14-13 
13-6 
6-0 
0-12 
12-35 
35-60 
60-100+ 
Description 
Feather Moss, minor aspen and herbaceous leaf litter; 
minor pine and spruce needles; 1 cm thick. 
Abundant, very fine to coarse, horizontal and oblique 
roots; abrupt, smooth, boundary; 5-8 cm thick. 
Plentiful, very fine to coarse horizontal and oblique roots; 
abrupt, smooth boundary; 2-7 cm thick. 
Black (10 YR 2/1 m) and pale brown (10YR 6/3 m); silt 
loam to silty clay loam; strong, fine, granular, weak, fine, 
platy; friable; abundant, very fine to coarse horizontal and 
oblique roots; 5-10% coarse fragments; abrupt, wavy 
boundary; 10-17 cm thick. 
Light brownish gray (2.5 Y 6/2 m); silt loam to silty clay 
loam; many fine and medium, prominent brownish yellow 
(10 YR 6/6 m) mottles; strong, coarse, subangular blocky; 
firm; 5-10% coarse fragments; clear, wavy boundary; 18-
25 cm thick. 
Dark gray (10 YR 4/1 m); silty clay loam; common, fine, 
prominent, yellowish brown (10 YR 5/4 m) mottles; strong, 
fine and medium subangular blocky; firm; abundant, 
medium, vertical and horizontal roots and few very fine 
and fine oblique roots; continuous thick, very dark gray 
(7.5 YR 3/1 m) clay films; 5-10% coarse fragments; 
gradual, wavy boundary; 20-35 cm thick. 
Very dark gray (10 YR 3/1 m); silty clay loam; common, 
fine, prominent, dark reddish brown (5 YR 3/3 m) mottles; 
moderate, fine and medium subangular blocky; firm; few 
very fine and fine oblique roots; many, moderately thick, 
very dark gray (10 YR 3/1 m) clay films; 5-10% coarse 
fragments. 
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Table A1.4: Soil profile description and soil classification for Boot Lake. 
Latitude/Longitude: 55°15'10.3" N / 120°22'31.5"W 
Aspect: 90° 
Biogeoclimatic Variant/Site Series: BWBSmw1/01 
Elevation: 960 m 
Slope: 3% 
Slope Position: Upper to 
mid 
Soil Classification: Orthic Gleysol 
Horizon 
S/Lv 
Fm 
Hh 
Aeg 
Bg 
IIBt 
Depth 
(cm) 
10-8 
8-2 
2-0 
0-4 
4-40 
40-100+ 
Description 
Feather moss, minor aspen and herbaceous leaf litter; 1 cm 
thick. 
Abundant, very fine to coarse, horizontal and oblique roots; 
abrupt, wavy boundary; 6-10 cm thick. 
Abundant, very fine to coarse, horizontal and oblique roots; 
abrupt, broken boundary; 0-2cm thick. 
Pinkish gray (7.5 YR 6/2 m); silt loam; common, medium, 
prominent, strong brown (7.5 YR 5/8 m) mottles; weak, fine 
and medium platy and moderate, fine and medium, 
subangular blocky; very friable; abundant, very fine to 
coarse horizontal and oblique roots; abrupt, wavy boundary; 
3-5 cm thick. 
Pale brown (10 YR 6/3 m); silt loam; many, medium (7.5 Y 
5/6 m) mottles; moderate, medium and coarse platy and 
moderate, medium and coarse subangular blocky; friable; 
few, coarse horizontal roots and plentiful very fine and fine 
horizontal and oblique roots; abrupt, smooth boundary; 35-
44 cm thick. 
Dark grayish brown (10 YR 4/2 m); silty clay loam; 
moderate, fine and medium subangular blocky; firm; few 
very fine and fine vertical and horizontal roots; many, thin 
clay films. 
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Table A1.5: Soil profile description and soil classification for Blackhawk. 
Latitude/Longitude: 55°6'52.5"N / 120°24'20.9"W 
Aspect: 280° 
Biogeoclimatic Variant/Site Series: 
BWBSmw1/04 
Elevation: 1010 m 
Slope: 7 % 
Slope Position: Upper to 
mid 
Soil Classification: Gleyed Brunisolic Gray Luvisol 
Horizon 
S/Lv 
Fm 
Ae 
Bm 
Bt 
BC 
Depth 
(cm) 
9-8 
8-0 
0-6 
10-15 
17-50 
50-100+ 
Description 
Feather moss, leaf lichen, and minor amounts of pine and 
spruce needle litter. 
Abundant, very fine to medium horizontal and oblique 
roots; non-compact matted; abrupt, smooth boundary; 6-9 
cm thick. 
Yellowish brown (10 YR 5/4 m); silt loam; moderate, 
medium and coarse platy; friable; abundant very fine and 
fine horizontal and oblique roots and abundant, medium 
and coarse horizontal roots; 10 % coarse fragments; 
abrupt, wavy boundary; 5-7 cm thick. 
Yellowish brown (10 YR 5/4 m); silty clay loam; moderate, 
fine subangular blocky; friable; few, coarse oblique roots, 
abundant fine and medium oblique roots, and few, very 
fine vertical roots; 10 % coarse fragments; gradual, wavy, 
boundary, 10-15 cm thick. 
Dark yellowish brown (10 YR 3/4 m); silty clay loam to 
silty clay; strong, fine and medium subangular blocky; 
firm; plentiful, medium and coarse horizontal and oblique 
roots and few very fine and fine oblique roots; common, 
thin clay films; 10 % coarse fragments; gradual, wavy 
boundary; 28-35 cm thick. 
Dusky red (2.5 YR 4/2 m); silt loam; common, fine, 
prominent, strong brown (7.5 YR 4/6 m) mottles; 
moderate, medium subangular blocky; firm; few, fine 
oblique roots; 10 % coarse fragments. 
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APPENDIX 2 
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Figure A2.1: Site schematic for Aitken. C=Control, B=Brush Mat, M=Mulch, T=Till, T+M=Till 
+ Mulch, INC=lncorporated 
NORTH 
S 
f ^ r~ A \ c \ \ 
\ \ T + M ^ \ ^ J ^ ^ \ 
-
AC
CE
SS
 
RO
AD
-
Figure A2.2: Site schematic for Blueberry. 
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Figure A2.3: Site schematic for Bernadet. 
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Figure A2.4: Site schematic for Boot Lake. 
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Figure A2.5: Site schematic for Blackhawk. 
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Figure A2.6: Typical layout of the 20 m x 20 m treatment plots where "X" indicates soil 
sampling and monitoring locations. 
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Figure A2.7: Schematic of a typical 20 m x 20 m plot layout showing alternating planting of 
white spruce (Sx) and lodgepole pine (Pli) seedlings. 
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APPENDIX 3 
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Photograph 1: Example of soil conditions on untreated plots (controls). 
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Photograph 2: Excavator with rake attachment performing treatment involving tillage. 
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Photograph 3: View looking across a tilled treatment plot (T) one year after treatment. 
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Photograph 4: Wood chips used for mulch application and incorporation (INC) treatment. 
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Photograph 5: View looking across a typical treatment plot with a wood chip mulch 
application. 
Photograph 6: View of excavated soil and wood chips from INC treatment. 
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Photograph 7: View looking across the control plot at Aitken in 2004. High seedling 
mortality was attributed to the dense cover of clover viewed here. 
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Photograph 8: Example of a spruce seedling exhibiting good vigour. 
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Photograph 9: Example of a spruce seedling exhibiting medium vigour. 
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Photograph 10: Example of a spruce seedling that had experienced leader mortality and 
also exhibited poor vigour. 
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Photograph 11: Example of a pine seedling that exhibited good vigour. Photograph also 
provides a good example of the brushmats used in the experiment. 
Photograph 12: Example of a pine seedling that exhibited medium vigour. 
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Photograph 13: Example of a pine seedling that had experienced leader mortality and also 
exhibited poor vigour. 
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